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CHAPTER ONE
INTRODUCTION

1.1 Motivation
The purpose of this research is to optimize tunable metamaterial structures in
order to improve their performances using spatially varying liquid crystals and COMSOL
Multiphysics Simulation Algorithms. Metamaterials are fabricated structures described by
features on a sub-wavelength scale where materials display fascinating properties that are
not found in their natural counterparts. Victor Georgievich Veselago is widely known as
the scientist who is the first person to work on this concept. He published “The
Electrodynamics of Substance with Simultaneously Negative Values of ε and µ” in 1967
and established the theoretical fundamentals of metamaterials [1]. Veselago proved that
the metamaterials has unique properties such as negative refraction, reversed Doppler shift,
backward Cherenkow radiation, reversal of Goos-Hanchen shift [2]. However, Veselago’s
publication lacked of practice for long time because this type of material did not exist. For
this, the world had to wait more than 30 years when Pendry finally found a theory to
practically realize this type of materials in 1996 [3-4]. There has been considerable interest
in the practical applications of this type of materials. Therefore, metamaterials like Split
Ring Resonators (SRR), which are consisted of periodic arrays of sub-wavelength metallic
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resonators etched on a dielectric substrate, could acquire novel devices operating in various
frequency regions and resolve problems at filtering, modulating, and switching the
electromagnetic signal [5].

Figure 1.1: An illustration of the first negative index metamaterial structure realized by
John Pendry [5].
Metamaterials at terahertz (THz) frequencies have significant potential due to
their potential applications in molecular identification, imaging, and sensing. Terahertz
(THz) radiation refers to electromagnetic waves with wavelengths that range from 100 μm
infrared to 1.0 mm microwave [6]. The terahertz spectral band, bridging the worlds of
electronics and optics has been rather unprecedented. The THz band is the band where
electromagnetism can be explained in respect to its wave-like characteristics in microwave
frequency and its particle-like characteristics near infrared regime. Hence, terahertz
radiation is categorized as non-ionizing submillimeter microwave radiation [7]. As a
nonionizing radiation it does not have the risks inherent in X-ray screening and it can
penetrate through a substantial diversity of non-conducting materials like ceramics,
clothing, cardboard, wood, plastics and etc. There is an interest in investigating the
interaction of terahertz frequency with the artificially made materials because it has no
2

reaction with many naturally existing materials which does not contain water. In this new
wavelength, or frequency range applications, the terahertz metamaterial appears to be
useful for security screening and medical imaging (in terahertz frequency range the
radiation is nonionizing and hence favorable to applications seeking human exposure), for
wireless communications systems, non-destructive evaluation, and chemical identification.

Figure 1.2: One of the proposed tunable metamaterial structure in the terahertz frequency
regime.
In order to engineer new THz devices that can exploit electromagnetic waves in
amplitude, intensity, phase and polarization, this study is presented to optimize
metamaterial structures with longitudinal stratified liquid crystal as tunable platform at
terahertz regime. The basic platform is relatively straightforward in that a dielectric
material layer will be alternating with LC layers and a metal will be deposited on the
dielectric material as shown in Figure 1.2 to be used as an electrode for LC tuning. The
dielectric material must have acceptable properties in THz band depending on the
application. Also, liquid crystal films will be used as a tuning dielectric [8-9]. In addition,
3

the device can be controlled by an externally applied influence, such as a constant electric
or magnetic fields. Thus, a feature that permits significant control over its resonant
behavior will be incorporated into the device. Having a controllable device is always of
interest, as it makes its response more adaptive to the range of applications they are made
for and more interactive with its environment. For that, and in order to achieve the full
potential of the unique characteristics of metamaterials, the ability to dynamically control
the material properties or tune them in real time, through either direct external tuning or
nonlinear response is required [10, 11].
For all these reasons, my work focused to benefit from this wide range of
engineered materials showing distinctive properties, to develop and optimize new
metamaterial THz devices. In particular, this dissertation is focused on the design and
simulation of metamaterials with unit cells based on split ring resonators SRRs. The basic
idea is to make use of the nematic liquid crystal properties, whose orientation can be
magnetically or electrically controlled, to achieve the dynamic frequency of the fabricated
metamaterials, in order to build innovative devices for applications in the THz region,
where the metal loss can still be tolerable.

1.2 Literature Review
Research in metamaterials and the discovery of their inherent characteristics are
relatively new. The past decades or so has experienced a rapid progress in the design,
development and application of metamaterials. Metamaterials are artificial materials with
rationally designed sub-wavelength structures, such as split ring resonators (SRRs) [12–
14], arrays of sub-wavelength wires [15–17], fishnet structures [18–21] etc. These sub4

wavelength structures, which can be designed to exhibit strong coupling through the
electric component or/and magnetic component of the incident electromagnetic waves,
may lead to unique properties, such as negative refractive index [22, 23], perfect absorption
[24], sub-wavelength focusing [25, 26] etc. Metamaterials are ideal functional materials,
which have promising applications [27, 28], such as optical cloaking [29, 30], perfect
absorbers [31, 32], superlenses [33]. Because of the intrinsic and narrow resonance
frequency band of most metamaterials, however, it cannot be used in some wide operating
frequency areas. Recently, some tunable metamaterials have been proposed by using
various additional materials and structures, such as the liquid crystals [34–37], ferrites [38–
41], varactors [42], capacitors [43], superconductors [44], MEMS [45], and the tunable
structures [46, 47]. Tunable metamaterials refer to metamaterials with tunable responses to
the incident electromagnetic waves. The interaction between the tunable metamaterials and
the incident waves can be controlled, so that the transmission, reflection and absorption of
the incidence can be tuned according to the needs. There are many approaches to make
metamaterials tunable, such as changing the electromagnetic properties of the substrates,
adjusting the lattice of the metamaterials and changing the geometry of the metamaterial
elements etc. In general, tunable metamaterials can be divided into two major categories.
One is based on changing the effective electromagnetic properties via various nonlinear
effects in the resonators [48-50] or substrates [51–53]. The other is based on structural
reconfiguration, such as changing the lattice [54], reshaping the structural elements [55],
rotating the elements [56, 57] or bending the substrate or lattice [58-60]. The geometry
changes of the metamaterial microstructures are often induced by mechanical shifting or
deformation of the metamaterials. Tunable metamaterials based on nonlinear media rely
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on the tuning of the constituent materials or the changing of the surrounding media, which
are highly dependent on the nonlinear properties of their constituent materials. Many
nonlinear materials, such as liquid crystals [61, 62], phase change materials [63], III–V
semiconductors [64] etc, are available for laboratory demonstrations and some of them are
possible candidates for mass fabrications of the tunable metamaterials. The tuning
capabilities of structurally reconfigurable metamaterials depend on the structural
reconfiguration, and some of them are compatible with the mature complementary metal–
oxide–semiconductor (CMOS) fabrication technology [65, 66]. The mechanical tuning of
the metamaterials requires a controllable actuation of the sub-wavelength structures and
often results in a slow response time. For example, a typical micromachined structure has
a size of 1–100 mm and the actuation time is more than 100 µs, which means that the
working frequency of micromachined tunable metamaterials is within the terahertz (THz)
region and the response time is sub-milliseconds [67]. The response time to the excitations
of the nonlinear medium, such as the free carrier induced refractive index change, can reach
sub-picoseconds [68].
Liquid crystals have a large optical anisotropy extremely sensitive to external fields
and has been widely used to tune the band gaps of photonic crystal at optical frequencies
[69, 70]. Therefore, liquid crystals can be used to dynamically control the permittivity of
the metamaterials, and thus to tune the reversed electromagnetic behaviors. Khoo et al.
reported a theoretical analysis on the nanosphere dispersed liquid crystals to realize tunable
metamaterial [71]. The effective refractive index of such metamaterial can be tunable from
negative, through zero, to positive values by controlling the relative permittivity of the
Liquid crystals. Because the relative permittivity of liquid crystals is dependent on the
6

director axis orientation angle with respect to the optical wave vector and does not carry
any resonant dependence. So tunability can be accomplished by an applied ac electric field,
a magnetic field, or by another polarized optical field, or simply by changing the
temperature of the sample. Then Zhao et al. theoretically analyzed the negative group
refraction of the nematic liquid crystals [72]. Such refraction can be adjusted by an applied
electric or temperature. The tunable negative refraction of the nematic liquid crystals was
also experimentally demonstrated by measuring the refraction angle of the transmitted
beam through the prism-shaped device and by controlling the magnetic field [73]. Because
the permittivity of liquid crystals can be easily adjusted, one can add the liquid crystals to
the conventional metamaterials to achieve the tunable properties. Werner et al. numerically
analyzed the tunable refraction of a near-infrared metamaterial cladded with the liquid
crystals as the superstrate and substrate [74]. The refraction of such metamaterial was tuned
from negative to positive by controlling the permittivity of liquid crystals. Zhao et al. also
numerically analyzed a tunable negative permeability metamaterial consisting of a periodic
array of split ring resonators infiltrated with nematic liquid crystals [75]. The resonance
dip of the negative permeability metamaterial can be continuously and reversibly adjusted
by an applied electric field, which acts on the infiltrated nematic liquid crystals. Quite
recently, other liquid crystal based tunable metamaterials, including the split ring
resonators, omega–type resonators, and fishnet, were also numerically and experimentally
demonstrated by controlling the electric field, magnetic field, and temperature, respectively
[76, 77]. These kinds of tunable metamaterial can be easily realized. The tunable properties
can also be adjusted by simply controlling the applied electric field, magnetic field or the
temperature. There are also some disadvantageous, for example, the tunable range is finite.
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1.3 Dissertation Layout
The dissertation is organized into 6 chapters. I start with an introduction of the
fundamentals of metamaterials in Chapter 2. Thereafter, Chapter 2 provides brief
background on liquid crystals (LC), Terahertz (THz) properties and applications. Chapter
3 details a real-time tunable metamaterial based on transparent electrodes and a gold grid
polarizer implemented. Chapter 3 also describe a scheme to fabricate this tunable
metamaterial structure. The results show that the lateral displacement alters the coupling
between the two layers, leading to modulation of the resonance modes. An analysis of
optimization techniques will be explained in Chapter 4. Measurements will be shown and
discussed with a comparison with simulation results as well. Chapter 5 and 6 will address
the electric split ring resonator terahertz metamaterial absorber designs with a complete
LC cell and LC etalon. By rotating the rod-like nematic liquid crystals, the split ring
metamaterial resonance can be modulated, resulting in a tunable electromagnetic response.
Finally, Chapter 7 concludes and summarizes the effort done in this dissertation and
presents the accomplishments and the future work that could be carried out and some
recommendations as well.
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CHAPTER TWO
BACKGROUND

2.1 Electromagnetic Theory
2.1.1 Maxwell’s Equations
Maxwell’s equations describe the fundamentals of all light-matter interactions.
These formulas were developed by several physicists in the early 19th century. Then,
James Clerk Maxwell represented these equations concisely in 1865 [78]. While Maxwell’s
equations can be expressed in many different forms, here a linear, isotropic media with an
absence of any free charges or currents will be used;
̅=0
𝛻̅ . 𝐷

(2.1)

𝛻̅ . 𝐵̅ = 0

(2.2)

𝜕𝐵̅
𝛻̅ × 𝐸̅ = − 𝜕𝑡

(2.3)

̅ = 𝜕𝐷̅
𝛻̅ × 𝐻
𝜕𝑡

(2.4)

̅ is the magnetic
where 𝐸̅ and 𝐵̅ are the electric and magnetic fields respectively while 𝐻
̅ is the electric displacement [79]. This can justify the sinusoidal
field strength, and 𝐷
oscillating EM waves as:
̅𝐸
𝐸̅ (𝑟̅, 𝑡)
[̅
] = [ ̅ 0 ] 𝑒 𝑖(𝑘̅.𝑟̅ −𝜔𝑡)
𝐵 (𝑟̅, 𝑡)
𝐵0

(2.5)

If this form of EM wave is plugged into Maxwell’s equations, the relationship of 𝐸̅ and
𝐵̅ will not be only mutually perpendicular, but also perpendicular to the wavevector 𝑘̅.
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Thus, a transverse electromagnetic wave with wavevector 𝑘̅ and angular frequency 𝜔 will
occur [79]. Here, a form of the constituent relations that provide a connection between
̅ ) can be shown
incident fields and the corresponding polarization (𝑃̅) and magnetization (𝑀
as;
̅ = 𝜀0𝐸̅ + 𝑃̅ = 𝜀0(1 + 𝜒𝑒 ) 𝐷
̅ = 𝜀𝑟𝜀0𝐸̅ = 𝜀𝐸̅ ,
𝐷

(2.6)

̅+𝑀
̅ ) = 𝜇0 (1 + 𝜒𝑚) 𝐻
̅ = 𝜇𝑟𝜇0𝐻
̅ = 𝜇𝐻
̅.
𝐵̅= 𝜇0(𝐻

(2.7)

These statements represent the optical constants of the media as follows: the electric
permittivity – free space, absolute, and relative (𝜀0, 𝜀, 𝜀𝑟 ), the magnetic and electric
susceptibility (𝜒𝑒 and 𝜒𝑚), and the magnetic permeability – free space, absolute, and
relative (𝜇0, 𝜇, 𝜇𝑟 ) [79]. In general, they will show a complex and dispersive characteristic
(functions of frequency), i.e. 𝜀 = 𝜀̃(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔) and 𝜇 = 𝜇̃(𝜔) = 𝜇1(𝜔) + 𝑖𝜇2(𝜔).
However, the frequency dependence and complex nature of the parameters are not always
discussed explicitly in here. The additional material parameters which are the index of
refraction (𝑛), the wave impedance (𝑍), and the conductivity (𝜎) can be defined using the
permittivity and the permeability as;
𝑛 = √𝜀𝑟 µ𝑟 ,
µ

𝑍 = √𝜀 ,
and 𝜎 = 𝑖𝜔 (𝜀0 − 𝜀),

(2.8)
(2.9)
(2.10)

where all these parameters have the real and imaginary factors along with frequency
dependence.
2.1.2 Characteristics of a Wave Traveling Through a Medium
Maxwell’s equations and the constitutive relations, when combined together,
describe how charges interact with dynamic fields on a microscopic level, and optical
parameters that is associated with media on a macroscopic basis, such as 𝜀 and 𝜇.
Furthermore, if the general form for an oscillating EM wave (2.5) is substituted into
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Maxwell’s equations (2.1 - 2.4), it is possible to derive several other properties about the
EM traveling through the medium. For example, the dispersion relation between the
wavevector 𝑘̅ and the angular frequency 𝜔 can be written as:
𝑘2 = 𝜔2 𝜀𝜇.

(2.11)

It can be seen that the speed of light is reduced by a factor of 𝑛 as one can compare this to
the velocity of the EM wave moving through the media,
𝑣 = 𝑐⁄𝑛.

(2.12)

If the electromagnetic wave consists of several different wavevectors, there will be
different velocities for each phase front;
𝑣p = ω⁄𝑘 ,

(2.13)

noted as the phase velocity. In addition, the group velocity will define the wave packet as
a whole;
𝑣𝑔 = dω⁄𝑑𝑘 .

(2.14)

It should be noted that different spectral components in dispersive media will travel
at different speeds and for this reason acquire a phase difference. Therefore, this leads to
distortion of the wave packet [79].
2.1.3 Constituent Relations
For the above discussion, several things about the media, that it had basic relations
between the displacement fields and incident fields depend on 𝜀 and 𝜇 and it was linear, are
assumed. As a matter of fact, the displacement fields are coupled in a much more
sophisticated way which generally can be written as;

ε̿ ξ̿
̅
𝐸̅ (𝑟̅, 𝑡)
[̅
]= [
] ∙ [𝐸̅ ],
𝐵 (𝑟̅, 𝑡)
𝐻
ς̿ µ̿

(2.15)

where the double bar notation shows that each one of these optical constants is a tensor
which includes wavevector dependence:
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ε𝑥𝑥 ε𝑥𝑦 ε𝑥𝑧
𝜀̿ = [ ε𝑦𝑥 ε𝑦𝑦 ε𝑦𝑧 ]
ε𝑧𝑥 ε𝑧𝑦 ε𝑧𝑧

(2.16)

The constants ξ̿ and ς̿ ,known as magneto-optical permittivities, explain the coupling
between electric and magnetic responses [80].

Figure 2.1: EM Wave Propagation through an Interface: Schematic of an incident
electromagnetic wave on a planar interface for (a) TE and (b) TM polarized wave. Light
is incident from the left from free space (k̅ 𝒊) at some angle of incidence (θ) and reflects at
the same angle (k̅ r). The light transmits (k̅ t ) through the interface at some angle θ𝒕 and
enters the medium with parameters n, ε, µ [81].
2.1.4 Fresnel’s Equations
Although the relations derived above are useful in maintaining an affiliation
between the motion of charges on a microscopic level and optical parameters on a
macroscopic media, it is also crucial to connect these to quantities measured
experimentally, such as transmission (𝑇(𝜔)) and reflection (𝑅(𝜔)). To do this, the dynamics
of light crossing from one media to another with different optical parameters must be taken
into account which is described by Fresnel’s equations. In Figure 2.1 the wave travels left
to right, from free space to some medium with optical constants 𝑛, 𝜀, and, 𝜇 (shaded region)
for both TE and TM polarizations. The reflection off the interface and transmission through
the interface are:
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cosθ−(µ𝑟 )−1 √n2 −sin2 θ

𝑅𝑇𝐸 =|

cosθ+(µ𝑟 )−1 √n2 −sin2 θ

ε𝑟 cosθ− √n2 −sin 2 θ

𝑅𝑇𝑀 =|

ε𝑟 cosθ+√n2 −sin2 θ

|,

|

(2.18)

2cosθ

𝑇𝑇𝐸 = |

cosθ+(µ𝑟 )−1 √n2 −sin2 θ

𝑇𝑇𝑀 = |

2ncosθ

ε𝑟 cosθ+ √n2 −sin2 θ

(2.17)

|(

|,

εcosθ𝑡
ncosθ

(2.19)

)

(2.20) [79]

2.1.5 Optical Constants and the Drude-Lorentz Model
While a comprehensive relationship is given in previous sections between light and
matter regarding the media’s optical parameters, it is also necessary to understand why
media interacts with light the way it does. To do this, a microscopic definition of the motion
of an electron behaving as an oscillator with some spring constant 𝑚𝜔02 in an electric field
governed by Newton’s 2nd law is selected:
𝑚[𝑟̅̈ +𝛾𝑟̅̇ + 𝜔02𝑟̅ ] = −𝑒𝐸̅ (𝑟̅ , 𝑡) [79],

(2.21)

with 𝑟̅ symbolizing the electron displacement, 𝜔0 denoting the resonant frequency, 𝑒 and
𝑚 defining the electron charge and mass, and 𝛾 representing a damping factor. Note that
the magnetic field force is ignored due to the small amplitude of the magnetic field when
compared to the electric field and there is no other motion that can displace the electron
substantially afterwards. Applying the plane wave form of the electric field, it can be solved
for the position and hence the polarization of the electron:
2
𝑝̅= −𝑒𝑟̅ = 𝑒 ⁄𝑚(𝜔02 − 𝜔2 − 𝑖𝜔𝛾) 𝐸̅ [79]. (2.22)

The dielectric constant can also be solved by using the relationship between the incident
electric field and the electron polarization (Eq. 2.6). Considering there are 𝑁 molecules per
unit volume with 𝑍 electrons per molecule, each with various resonant frequencies 𝜔𝑗 and
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damping coefficients 𝛾𝑗, the responses can be summed to determine the dielectric function,
known as the Drude-Lorentz equation:
𝜀𝑟(𝜔) = 1 + ∑𝑗 𝑓𝑗 (𝜔02 − 𝜔2 − 𝑖𝜔𝛾𝑗)−1 .

(2.23)

Here the oscillator strengths 𝑓𝑗 is assumed to follow the sum rule: 𝑍 = ∑𝑗 𝑓𝑗 [79].
After laying the groundwork for the interaction between electromagnetic waves and
media with defined optical constants such as 𝜀(𝜔) and 𝜇(𝜔), in the next section a review of
metamaterials who act collectively to give an effective optical response is presented.
Metamaterials have tunable optical constants through their geometry, granting that their
encounters with light, such as transmission, reflection, phase, etc. to be designed by the
user.

2.2 Overview of Metamaterials
The word “Meta” is taken from Greek whose meaning is “beyond”.
“Metamaterials” has the exotic properties beyond the natural occurring materials. These
are the materials that extract their properties from their structure rather than the material of
which they are composed of. The first and one of the most important contributions to this
topic was made in 1968 by V. G. Veselago who said that materials with both negative
permittivity and negative permeability are theoretically possible [1]. In 1999, John Pendry
identified a practical way to make left-handed metamaterials (LHM) which did not follow
the conventional right hand rule [82]. He proposed his design of periodically arranged
Thin-Wire (TW) structure that depicts the negative value of effective permittivity [83]. It
was shown that the structure is having a low plasma frequency than the wave in the
microwave regime. Because of its low plasma frequency, this structure can produce an
effective negative permittivity at microwave frequencies. It was also demonstrated that
negative magnetic permeability could be achieved using an array of split-ring resonators
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[84]. Later then, Smith demonstrated a new LHM that shows simultaneously negative
permittivity and permeability and carried out microwave experiments to test its uncommon
properties in 2000 [5]. Shelby et al showed negative refraction experimentally for the first
time using a metamaterial with repeated unit cells of split ring resonators (SRR) and copper
strips [85, 86]. Wu et al proposed three structures including symmetrical ring, omega and
S structure for SRRs [87]. Many researchers have worked on metamaterials to extract their
potential in various fields [88].

2.2.1 Classification of metamaterials
Electromagnetic field is determined by the properties of the materials involved.
These properties define the macroscopic parameters permittivity ε and permeability μ of
materials. On the basis of permittivity ε and permeability μ, the metamaterials are classified
in following four groups as shown in Fig 2.2 [5, 88]:

Figure 2.2: Classification of metamaterials [88].
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A. Double Positive (DPS) Material
The materials which have both permittivity & permeability greater than zero (ε >
0, μ > 0) are called as double positive (DPS) materials. Most occurring media (e.g.
dielectrics) fall under this designation [88].
B. Epsilon Negative (ENG) Material
If a material has permittivity less than zero and permeability greater than zero (ε <
0, μ > 0) it is called as epsilon negative (ENG) material. In certain frequency regimes, many
plasmas exhibit these characteristics [88].
C. Mu Negative(MNG)Material
If a material has permittivity greater than zero & permeability less than zero (ε > 0,
μ < 0) it is called as mu negative (MNG) material. In certain frequency regimes, some gyro
tropic material exhibits these characteristics [88].

D. Double Negative (DNG) Material
If a material has permittivity & permeability less than zero (ε < 0, μ < 0) it is termed
as double negative (DNG) material. This class of materials can only been produced
artificially [88].
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2.2.2 Metamaterial Types
A. Electromagnetic Metamaterials
Electromagnetic metamaterials (EM) are the materials which have a new sub
section within electromagnetism and physics. EM is used for optical and microwave
applications like, band-pass filters, lenses, microwave couplers, beam steerers, and antenna
radomes [88].
Figure 2.3 displays a COMSOL simulation that shows the possibility of a
cylindrical invisibility cloak. Although the inner cylinder made of a perfect conductor,
scattering of electromagnetic waves from copper surface are reduced by using cylindrical
cloak wrapped around the copper cylinder.

Figure 2. 3: A cylindrical metamaterial cloaking design simulated using COMSOL
Multiphysics program.
1) Single Negative Metamaterials: Single negative metamaterials (SNG) have
either negative permittivity or negative permeability. The combination of two SNG layers
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into one creates another form of DNG metamaterials. To conduct wave reflection
experiments, the slab of MNG materials and ENG materials have been joined. Like DNG
metamaterials, SNGs change their parameters like refraction index n, permittivity ε and
permeability μ, with change in frequency due to their dispersive nature [88, 89].
2) Double Negative Metamaterials: Double negative metamaterials (DNG) are the
metamaterials that have both permittivity and permeability is negative with negative index
of refraction. These are also known as negative index metamaterials (NIM) [88, 90]. Other
names for DNGs are left-handed media, media with a negative refractive index, and
“backward-wave media [88, 91].
3) Electromagnetic Band Gap (EBG) Metamaterials: Electromagnetic band gap
metamaterials control the propagation of light. It is achieved either by photonic crystals
(PC), or left-handed materials (LHM). Both classes have artificial structure that control
and manipulate the propagation of electromagnetic waves [88].
4) Bi-isotropic and Bi-anisotropic Metamaterials: Based on the independent electric
and magnetic responses described by the parameters permittivity and magnetic
permeability, the metamaterials are categorized into single or double negative. However,
in many examples of electromagnetic metamaterials, the electric field causes magnetic
polarization, and the magnetic field induces an electrical polarization, i.e., magneto electric
coupling. Such media denoted as bi-isotropic media because it exhibits magneto-electric
coupling that is anisotropic, and also called as bi-anisotropic [88].
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B. Chiral Metamaterials
Chiral metamaterials consist of arrays of dielectric gammadions or planar metallic
on a substrate. When a linearly polarized light is incident on the array, it becomes
elliptically polarized upon interaction with the gammadions with the same handedness as
the gammadion itself [88, 92].
C. Terahertz Metamaterials
Terahertz metamaterials are the combination of artificial materials that interact at
terahertz (THz) frequencies and still under development. These metamaterials can achieve
a desired magnetic response with negative permeability values. These kind of materials are
called passive materials. Because of this, "tuning" is achieved by fabricating a new material
with slightly altered dimensions to create a new response. Terahertz waves lie just before
the start of the microwave band to far end of the infrared band. In Figure 2.4 (a) and (b),
proposed Terahertz MMs simulation layouts are shown. Simulation results in Figure (c)
will help to gain a better understanding of these devices the simulated current distributions
and electric field norms are analyzed and will be discussed further in this dissertation.
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Figure 2.4: (a) Proposed Terahertz MMs simulation layout without LC 200nm gold SRR
and background thicknesses, and 8 µm polyimide, (b) layout with 20 µm LC, 10 µm air,
and 8 µm polyimide, (c) structures in EM spectrum, the surface current density (shown
by red arrows) and norm of the electric field at resonance.

D. Photonic Metamaterials
Photonic metamaterials are the type of electromagnetic metamaterials that are
designed to interact with optical frequencies. These kind of materials are also known as
Optical metamaterials. Photonic metamaterials radiate the source at optical wavelengths
[88, 93]. Furthermore, the sub wavelength period differentiates the photonic metamaterials
from photonic band gap structure. This is because the optical properties do not arise from
photonic band gaps, rather from a sub wavelength interaction with the light spectrum. The
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metamaterials with the capability of zero index of refraction (ZIMs) and negative values
for index of refraction (NIMs) are active areas of optical material researches [88].
E. Tunable Metamaterials
These are the metamaterials that have the ability to randomly change the frequency
of a refractive index. An incident electromagnetic wave gives variable response with these
metamaterials. This includes how an incident electromagnetic wave interacts with a
metamaterial in remote controlling. The structure of the tunable metamaterials is
changeable in real time that makes it possible to reconfigure a device during operation [88,
94]. Tuning in the near infrared range is achieved by varying the permittivity of nematic
liquid crystal. The metamaterials can be tuned from negative index values, to zero index or
positive index values. In addition, negative index values can be increased or decreased
[88].

Figure 2.5: (a) Planar Original Electric (OE2) metamaterial (b) the equivalent RLC
circuit of planar electric metamaterial.
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F. Frequency Selective Surface (FSS) based Metamaterials
FSS based metamaterials are the substitute to the fixed frequency metamaterials
with static geometry and spacing in the unit cells used to find out the frequency response
of a given metamaterials. FSS based metamaterials have option to change the frequencies
in a single medium but in fixed frequency response it is impossible. It was first developed
to control the transmission and reflection characteristics of an incident radiation wave. FSS
with specific geometrical shapes can be made-up as periodic arrays with elements of two
dimensional planar. FSS based metamaterials have the interchangeable terminology of
High Impedance Surface (HIS) or Artificial Magnetic Conductor (AMC). The HIS or AMC
has an artificial metallic electromagnetic structure. The designed structures with selection
of supporting surface wave currents are different from conservative metallic conductors
[88].
G. Nonlinear Metamaterials
Nonlinear metamaterials are artificial materials in which the nonlinearity exists.
This is due to less macroscopic electric field of the electromagnetic source than the
microscopic electric field of the inclusions [88, 93]. The material’s permeability and
permittivity describes the response of electromagnetic radiation. It may also be fabricated
with some type of nonlinear metamaterials that have properties to change the power of
incident wave [88].

2.2.3 Metamaterial Characterization
Much like the fabrication method, the particular characterization technique depends
not only on the operation wavelength, but also the specific electromagnetic phenomenon
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one hopes to measure. At microwave frequencies, vector network analyzers (VNAs) are
used to generate and detect both phase and amplitude signal, coupled to free space by horn
antennas. Various multipliers, extenders, and filters have extended this technology to the
low THz range, although is more commonly seen from the low RF frequencies to the
millimeter-wave regimes. More common in the THz regime is THz time domain
spectroscopy, which also gives access to amplitude and phase measurements. A time pulse
is used for the sample and reference; a Fourier transform gives information in the frequency
domain. FTIR (Fourier-Transform Infrared) spectroscopy is a bit of a misnomer as it can
cover a large part of the electromagnetic spectrum, from THz to visible. The basic idea is
to use a Michelson Interferometer to get spectral information from a sample. Current
systems allow for different combinations of sources, detectors, and beam splitters as well
as the possibility for transmission, reflection, and angular dependent measurements. In
addition, FTIR systems can often be coupled to a microscope with a movable stage,
allowing for raster scan microscopy. Additional techniques, such as ellipsometry, optical
microscopy, among many others, exist to characterize metamaterials across the EM
spectrum [81].

2.2.4 Metamaterials as an Effective Medium
The effective optical characteristics of metamaterials that provide them their
exceptional responses to light (such as negative index of refraction) rely upon the geometric
parameters of the unit cells. Likewise, the Lorentzian model is described in Section 2.1,
where each atom is treated as an oscillator in a driving field, metamaterial unit cells can
also be considered to be artificial “atoms” with similar properties such as a resonant
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frequency 𝜔0, filling fraction 𝐹, and some damping constant 𝛾. For example, Pendry
derived the effective permittivity for an array of SRRs to be:
ω2

𝜇𝑟 (𝜔) = 1 + 𝐹 ω2 −ω2 −iγω [82].

(2.24)

0

However, in order to preserve causality, it is often common to see the effective permittivity
written as the Drude-Lorentz equation (Eq. 2.3):

𝜇𝑟 (𝜔) = 1 +

ω2𝑚𝑝
2
ω0 −ω2 −iγω

(2.25)

where 𝜔𝑚𝑝 is the magnetic plasma frequency [95]. The Drude-Lorentzian parameters, 𝜔𝑚𝑝,
𝜔0, and 𝛾 can all be determined by the characteristics of the MM unit cell.
To obtain the electric response, Pendry and then Smith worked with an array of
infinite thin metallic wires to simulate a dilute plasma [5, 82]. Starting with the DrudeLorentz model known as:
𝜀𝑟(𝜔) = 1 + ∑𝑗 𝑓𝑗(ω20 − ω2 − 𝑖𝜔𝛾𝑗) −1

(2.26)

the resonance frequency 𝜔0= 0 is replaced as to represent the Drude model. The plasma
frequency was solved as a function of several geometric parameters:
ω2

𝑝
𝜀𝑟 (𝜔) = 1 − ω2 +iγω
,

2πc2

ω2𝑝 = a2 ln(𝑎/𝑟)

(2.27)

(2.28)

with the parameters 𝑎 and 𝑟 representing the periodicity and radius of the metallic wires,
respectively. With the correct polarization, a double SRR can give a purely magnetic
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response. However, it is also beneficial to have access to a purely electric response. This
can be achieved with a structure noted as an electric ring resonator (ERR), where the
symmetric rings are employed to cancel any magnetic effect.

Figure 2.6: Drude-Lorentz Model for Several MM Unit Cells Real (solid) and imaginary
(dotted) components of optical constants for several Lorentz oscillators. (a) 𝜺(𝝎) for the
Drude model (i.e. 𝝎𝟎 = 𝟎). (b) 𝜺(𝝎) for a Lorentz oscillator. (c) 𝝁(𝝎) for both versions of
the magnetic permeability given. Grey denotes Eq. 2.24, black denotes Eq. 2.25 [95].
This will lead to an electric permittivity with the familiar Drude-Lorentz form:
ω2

𝜀𝑟 (𝜔) = 1 + ω2 −ω2 −iγω

(2.29)

0

The effective optical constants for the structures listed above are plotted in Figure 2.6 [81].
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2.3 Liquid Crystal
2.3.1 Overview of Liquid Crystals
Liquid crystal (LC) phases represent a unique state of matter characterized by both
mobility and order on a molecular and at the supramolecular levels. This behavior appears
under given conditions, when phases with a characteristic order intermediate to that of a
three dimensionally ordered solid and a completely disordered liquid are formed [96-97].

Figure 2.7: Main states of matter
Molecules in the crystalline state possess orientational and three-dimensional
positional orders. That is the constituent molecules of highly structured solids occupy
specific sites in a three-dimensional lattice and points their axes in fixed directions as
illustrated in Figure 2.7. Liquid crystal phases possess orientational order (tendency of the
molecules to point along a common direction called the director n) and in some cases
positional order in one or two dimensions. On the other hand, in the isotropic gas state, the
molecules move randomly and rotate freely about all possible directions. Thus, liquid
crystals (LCs) have been defined as “orientationally ordered liquids” or “positionally
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disordered crystals” that combine the properties of both the crystalline (optical and
electrical anisotropy) and the liquid (molecular mobility and fluidity) states [96-97].

2.3.2 Classification of Liquid Crystals
The liquid crystal state(s) can be attained either by the action of heat on mesogens
or by action of solvent on amphiphilic systems. The mesophases obtained by temperature
variation are called thermotropic. Thermodynamically stable mesophases which appear
both on heating and cooling are termed enantiotropic, while the thermotropic mesophases
that appear only on cooling are monotropic. On the other hand, LC phases formed by
dissolving the compound in an appropriate solvent (under given concentration and
temperature conditions) are known as lyotropic. Besides, there are some molecules that
exhibit LC phases under the influence of both heat and solvent; such systems have been
referred to as amphotropic. Lyotropic LC phases are frequently encountered in everyday
life, and most importantly, life itself is critically based on such ordered fluids. Despite the
significance of lyotropic LCs, thermotropic LCs have claimed a relatively greater attention,
firstly because they are simple to realize and handle and secondly they serve as an
important medium in fabricating low-power display devices [98]. The classification of
mesogens and mesophases has been always a complicated task; this is because over the last
two decades a rich variety of mesophases have been discovered through conventional or
nonconventional or new molecular architecture. Nonetheless, some basic principles are
followed to categorize them. First and foremost, as mentioned above, they are
fundamentally classified as being either thermotropic or lyotropic given the fact that the
method of their realization and therefore, the resulting mesomorphism differs significantly.
In particular, the mode of mesophase formation in thermotropics is by the organization of
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the individual molecules in contrast to the lyotropics, wherein the constituent (solute)
molecules firstly aggregate and these fine structures then form different mesophases that
generally depend on the temperature and concentration [99, 100]. Besides, there are
different ways to classify these materials: for example in terms of their structure (into
amphiphilic and nonamphiphilic molecules), molecular shape (calamitic, discotic and
banana mesogens etc.), molecular size (as low-and high molecular weight compounds) and
with respect to the type of mesophase formed (nematic, cholesteric, smectic, columnar, and
cubic mesophase etc.). Since this research is concerned with thermotropic LCs only a very
brief discussion is provided on lyotropic LCs.
A. Lyotropic Liquid Crystals
A lyotropic liquid crystal consists of two or more components that exhibit liquidcrystalline properties in certain concentration ranges. In the lyotropic phases, solvent
molecules fill the space around the compounds to provide fluidity to the system. In contrast
to thermotropic liquid crystals, these lyotropics have another degree of freedom of
concentration that enables them to induce a variety of different phases. A compound which
has two immiscible hydrophilic and hydrophobic parts within the same molecule is called
an amphiphilic molecule. Many amphiphilic molecules show lyotropic liquid-crystalline
phase sequences depending on the volume balances between the hydrophilic part and
hydrophobic part. These structures are formed through the micro-phase segregation of two
incompatible components on a nanometer scale. Soap is an everyday example of a lyotropic
liquid crystal. Besides, since lyotropic liquid crystals rely on a subtle balance of
intermolecular interactions, it is more difficult to analyze their structures and properties
than those of thermotropic liquid crystals [101].
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B. Thermotropic Liquid Crystals
Most of the crystals on heating transform into the isotropic liquid phase by
simultaneous loss of the long range positional and orientational orders. If the molecules
possess certain amount of shape anisotropy, then the disappearance in one, two or three
dimensions of long-range translational periodicity in the crystal may precede the collapse
of the long range orientational order. Such compounds do not show a single transition from
solid to liquid but rather a cascade of transitions involving LC phases with the mechanical
and symmetry properties intermediate between those of liquid and a crystal. The
temperature at which the crystal transforms into mesophase is called melting point while
that from the mesophase to isotropic state is called clearing point. Materials displaying
thermotropic LC property are mostly organic or metal containing organic compounds.
Among the enormous number of organic compounds known, only a small fraction shows
this LC behavior. Such types of compounds usually comprise of hard (rigid) and soft
(flexible) regions. The aromatic cores and some non-aromatic cores account for the rigidity
while paraffinic chains are the soft regions of the molecule. However, these two distinct
parts are combined in a specific way so as to attain a particular anisotropic shape of the
molecule. The mobility in these systems are provided by large amplitude motions of
molecules or molecular parts, namely the flexible chains. The orientational order arises
from the parallel alignment of anisometric molecules and positional order is mainly the
consequence of specific attractive forces and amphiphilicity. The existence of permanent
dipole moments and their magnitude or the anisotropy of the molecular polarizability is
determinant in the efficacy of these molecular interactions. Thus, molecular shape
anisotropy plays a very important role in determining the formation and type of the liquid
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crystalline phases. Thermotropic LCs is generally classified into three main types or
phases: nematic, smectic, and cholesteric [102].
1) Nematic Liquid Crystal
The simplest LC phase is the nematic and it generally occurs just below the
isotropic phase with a viscosity comparable to those of isotropic liquids. Depending on the
surface conditions, N phase exhibits schlieren, marble and pseudoisotropic textures. In this
phase the constituent molecules have no positional order but are on an average, oriented
about a particular direction called the director, n.

Figure 2.8: Schematic representation of NLC
The rod-like nature of the NLC molecules, its distribution, and its orientation play
a critical role in the unique optical properties of LC. These properties include order
parameter, molecule alignment, anisotropy of NLC, and the effect of the external electric
field on NLC materials. The orientational order of the phase is quantified by the order
parameter S and the values increase from, about 0.3 near the clearing temperature to 0.6-
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0.7 at temperatures below the clearing point. Because of the parallel alignment of the
molecules along their long axes they exhibit anisotropic physical properties [103].
2) Smectic Liquid Crystal

Figure 2.9: Smectic rod-like molecule arrangement of LC
In some phases the molecular center of gravity is on an average arranged in
equidistant planes, so that in addition to orientational order, positional order is also present
which leads to a layered structure: such phases have been called smectics.
Depending on the molecular arrangements within the layer and the extent of interlayer correlations smectic mesophases are classified into different types according to the
chronological order of their detection the smectic phases have been designated with code
letters A,B,C…etc. These phases are distinguished by the tilt angle(Ѳ) with respect to the
normal of the plane that has the layer and the molecule arrangement in the layers. Fluidity
of the layer is an essential characteristic of all smectic phases. A more rigorous way to treat
the layering arrangement is to consider an one-dimensional mass density wave, the
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different smectic LC phases discovered hitherto are smecticA (SmA), smectic B (SmB,
also known as hexatic B), smectic C (SmC), smectic F (SmF) and smectic I (SmI). Further,
these smectic LC phases can be divided into two categories depending upon whether the
constituent molecules are tilted or not, with respect to the layer normal. The SmA and SmB
phases are orthogonal (nontilted) phases whereas SmC, SmF and SmI are tilted phases. The
chiral smectic mesophases are formed when the constituent molecules are chiral. These are
chiral SmA, chiral smectic C (SmC*), chiral smectic I (SmI*) and chiral smectic F (SmF*)
phases. SmA and SmC are the two most commonly observed and extensively investigated
among the various smectic phases [104, 105].
3) Cholesteric Liquid Crystal
Cholesteric mesophase is the chiral variant of the nematic mesophase and therefore
it is also called chiral nematic phase. It occurs in systems where constituent molecules are
chiral. It can also be obtained by doping the nematic LC with optically active molecules.
The name cholesteric has a historical origin i.e., this particular type of liquid crystalline
organization was observed in esters of cholesterols. In these systems, there is a weak
tendency for neighboring molecules to align at a slight angle at one another. This leads a
local director to form a helix in space with a well-defined pitch that is much longer than
the size of a single molecule. Helical twist may be right handed or left handed depending
on the molecular conformation. The cholesteric state is illustrated in Figure 2.10. This
helical arrangement is responsible for the unique optical properties of the phase, such as
selective reflection. When plane-polarized light interacts with this chiral macroscopic
structure, its plane of polarization is rotated along the direction of the helix. When the pitch
of the helix corresponds to a wavelength in the visible region of the spectrum (~400-800
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nm) the chiral mesophase is colored. Importantly, the pitch of the helix is temperaturesensitive and therefore, the reflected wavelength. Furthermore; helical structures can be
unwound by the application of an electric field, which drives the reorientation of the
molecular axis along the field direction. Depending on the surface conditions, N* phase
exhibits schlieren and oily streak textures [96].

Figure 2.10: Helical Cholesteric LC

2.3.3. Properties of Nematic Liquid Crystals
A. Molecule Alignment
Nematic liquid crystals (NLCs) are used in basic scientific research as well as in
applications such as liquid crystal (LC) displays [34]. Both situations require the
symmetry/optic axis of NLC to be well aligned in a predetermined spatial direction.
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Specifically, two types of alignment [107], known as homeotropic and homogeneous, are
most commonly needed and several methods have been developed to achieve the two
configurations [108].

Figure 2.11: Schematic representation of NLC alignment in cells with (a) homogeneous
and (b) homeotropic boundary conditions. The ellipses represent calamitic molecules.
In a homogeneously aligned cell, the molecules and, consequently, the director n
of the uniaxial NLC are parallel to the bounding surfaces, e.g., glass substrates, of the cell
and point in a specific in-plane direction defined by the rubbing process as seen Figure
2.11 (a). In the homeotropically aligned state, the director is perpendicular to the substrates,
as shown in Figure 2.11 (b). Special polymers have been developed to anchor the director
in these two configurations. These include several polyimides (PIs) which align
homogeneously with the director (n) when coated on a substrate and mechanically buffed
unidirectionally. Other PIs align homeotropically with the director (n), and they are rubbed
to offer an azimuthal bias to the molecules of dielectrically negative NLC when an external
field is applied to the cell.
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B. Optical Anisotropy (Briefringence)
Materials can be classified into isotropic and anisotropic materials. Isotropic
materials have physical property that has same measurement in any direction. These
materials have scalar refractive index n (root square of the permittivity √𝜀) like glass and
water. In anisotropic materials, the physical property changes with respect to direction,
which means these materials properties are written as tensors. The permittivity tensor can
be written as;
𝜀⊥
Ԑ=(0
0

0
𝜀⊥
0

0
0 )
𝜀 ⃦

(2.30)

0
𝑛ₒ2
0

0
0 )
𝑛𝑒 2

(2.31)

or in terms the refractive indices as;
𝑛ₒ2
Ԑ =( 0
0

Liquid crystals are anisotropic fluids, considered as intermediate phases between
the isotropic liquids and the anisotropic crystals. These LC materials have two principal
refractive indices (𝑛𝑜 , 𝑛𝑒 ) corresponding to the two linear eigen- polarization states called
ordinary and extraordinary states.
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Figure 2.12: Schema of Briefringence
- ordinary value - no - measured for directions of the electric fields perpendicular
on the axis of the highest symmetry order;
- extraordinary value - ne - measured for the electric fields acting parallel with this
axis.
Both thermotropic and lyotropic liquid crystals have the birefringence;
∆n = ne – no

(2.32)

as function of the internal degree of order. Usually, the birefringence is considered as a
measure of the order degree in liquid crystalline sample. The order degree indicates the
percent of the mesogenic molecules aligned in parallel with the nematic director. External
electric or magnetic fields can increase the order parameter of the liquid crystalline sample
[102].
Figures from 2.13 display the COMSOL Multiphysics Simulation layout for the
proposed electric split ring resonator (eSRR) metamaterial absorber (MMA) in THz
spectrum. The structure is basically consisted of three layers; the 20 µm liquid crystal layer
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covering the split ring resonator metamaterials, followed by eSRR made of 200 nm Au on
8 µm polyimide substrate, and 200 nm Au backplane.

Figure 2.13: eSRR Metamaterial Absorber (MMA) Design.
Figure 2.14 shows ordinary value of refractive index (no) dependence of eSRR
MMA with liquid crystals for various values of no as ne kept constant. A strong absorption
band is clearly observed at 1.7 THz with a bandwidth of ~0.05 GHz (1.68 THz ~ 1.73 THz).
As shown in the Figure 2.14, no with the value of 1.58 shows a maximum absorptivity of
93.5% at 1.7 THz. The general trend is that as the value of no is decreased, the THz eSRR
metamaterial absorption shifts to higher frequencies. A liquid crystal cell with the no value
of 1.58 is selected as an ideal cell in order to work with the highest metamaterial absorber
structure.
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Figure 2.14: eSRR MMA no dependence
In Figure 2.15, the simulated input port reflection S11 of the eSRR MMA with
various no values are shown. It is found that the sample with no value of 1.58 has a
resonance at 1.7 THz with a –11.9 dB bandwidth of around 0.05 THz (1.68 THz ~ 1.73
THz) while the eSRR MMA with no value of 1.5 displays a resonance at 2.1 THz with a 2.76 dB bandwidth of around 0.2 THz (2 THz ~ 2.2 THz), an decrease of about 77%. The
input port reflections S11 of the eSRR MMA are in good agreement with Figure 2.14.
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Figure 2.15: eSRR MMA S11 (reflection) no dependence.
It is of interest to determine the response of the structure when the values of ne of
liquid crystals change. In the simulations the difference in the resonance frequency when
values of ne were varied was studied, specifically the extraordinary value of LC (ne) was
varied from 1.58 to 1.78. All the other parameters such as the substrate thickness, values
of no were kept the same for a unit cell of px=36 um. The resonant frequency is represented
by the peak value of each curve as shown in Figure 2.16 and Figure 2.17. Figure 2.16 and
Figure 2.17 show the absorbance and the reflection of the metamaterial structure with
different values of ne. It can be concluded that the larger the ne gets, the smaller is the
resonant frequency. It is suggested that ne =1.58 should be chosen as the optimum
extraordinary refractive index value in order to work with best liquid crystal eSRR MMA.
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Figure 2.16: eSRR MMA ne dependence.
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Figure 2.17: eSRR MMA S11 (reflection) ne dependence.
C. Electrical Response of LC Cells
The liquid crystal materials are composed of anisotropic molecules whose direction
may change by an external electrical field. The orientation of the liquid crystal molecules
along the electric field vector of the incident wave can be dynamically controlled by
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adjusting the bias voltage [109]. The bias voltage, applied across the biasing layers, rotates
the LC molecules.

Figure 2.18: The electric-field-induced reorientation processes of liquid crystal
molecules. For 0 V(a), 3 V (b), 7 V (c).
The molecules will not react to the external electric field nor voltage until the field
E0>Eth or voltage Vo> Vth (Frederik’s threshold voltage). When the E0 reaches Eth or voltage
Vo reaches Vth molecules will start to rotate accordingly until they align themselves parallel
to the direction of the electric field. Then as the electric field and voltage reaches up to
maximum levels (Eo>Emax or Vo>Vmax), the liquid crystal molecules become stable. The
fact that LC cell needs low voltage for tuning, is the reasons behind being a preferred
candidate for many comparing with other electrically tunable devices [110]. The speed of
this tuning process depends on the thickness of the LC cell. If the LC cell is thick, this
means it needs longer time to tune, however the thin cell will be faster in response. Also,
too thin cell will not be tunable because the surface forces are so strong that will not allow
the molecules to rotate.
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D. Tuning range and tunability
The material tuning commonly referred to as frequency tuning or tunability
(frequency variation) (τ) can be expressed as a function of the highest and lowest resonant
frequencies νh and νl as
𝜏=

𝜈ℎ −𝜈𝑙

𝜏=

𝜈ℎ −𝜈𝑙

𝜈ℎ

∗ 100%

(2.33)

∗ 100%

(2.34)

or

𝜈𝑙

depending on which frequency is chosen as a reference. Alternatively, the tunable
range(τR) caused by this variation can also be expressed as
𝜏𝑅 =

2∗(𝜈ℎ −𝜈𝑙 )
𝜈ℎ +𝜈𝑙

∗ 100%

(2.35)

The material quality factor Q can also be defined by the relation between tunability
and the maximum dielectric losses (tan δ), according to
𝜏𝑅

𝑄 = max(tan 𝛿)

(2.36)

which will differ depending on whether the material is used in perpendicular (tan 𝛿 ﬩) or
parallel (tan 𝛿 ǀǀ) configuration [111-113].
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Figure 2.19: Effective relative permittivity and loss tangent as function of the applied bias
voltage. Effective relative permittivity behaviour between perpendicular ( ε﬩) and parallel
(εǀǀ) states and loss tangent (tan 𝛿 ﬩ and tan 𝛿 ǀǀ) as function of the applied bias voltage
(Vb) [113].

E. Switching time
The switching time or tuning speed of liquid crystal in general relies on the
variables such as the liquid crystal layer thickness, viscosity of the liquid crystal type,
temperature and the surface treatment (e.g. polyimide type). Various equations and theories
for calculating the switching time have been discussed. Oseen and Frank were the first
scientists who formulated the fundamentals of the elasticity theory of liquid crystals back
in 1920’s, and thus it is now known as Oseen-Frank theory, defining the balance between
elastic and electric torque exerted by the applied field.
The dynamical response and the viscous torque was later described by Erickson
and Leslie, known as response time/free relaxation time (t0), expressed by
𝛾 ∗𝑑2

𝑡0 = 𝐾 1 ∗𝜋2
11
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(2.37)

which can be applied to parallel, perpendicular and even twisted alignment. In this
equation, 𝛾1 is the rotation viscosity of the liquid crystal, d is the cavity thickness and K11
represents the torque. According to this equation the response times are proportional to the
cavity thickness squared, meaning that they can be improved by reducing the liquid crystal
cell thickness. The above equation can be further refined by considering the rise and decay
time, depending on the applied bias voltage to trise and tdecay, defined as
𝑡𝑟𝑖𝑠𝑒 =

𝑡0
𝑉
|
−1|
𝑉𝑡ℎ

(2.38)

and
𝑡𝑑𝑒𝑐𝑎𝑦 =

𝑡0
𝑉𝑟𝑒𝑚
|
−1|
𝑉𝑡ℎ

(2.39)

where in this equation Vrem is the remaining voltage after the bias voltage is removed, also
known as the final state of the relaxation. The absolute value in denominator illustrates that
this equation is valid for both Vrem > Vth and Vrem < Vth. From Eqns. (2.38) and (2.39), it
can be stated that the higher the voltage step while switching, the faster the tuning process
will be, while the same holds true for the switching off, i.e. the lower Vrem the faster the
response time will be [113, 114].

2.4 Terahertz
The Terahertz region is the region lying between the millimeter and infrared
regions of the electromagnetic spectrum. Molecular rotations, low frequency bond
rotations, crystalline phonon vibrations, hydrogen bonding stretches and torsions are the
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main sources that create Terahertz radiation. ‘T-rays’ are commonly used to refer Terahertz
(THz) waves which defined with a frequency range of 0.1-10 THz.

Figure 2.20: Frequency regions of electromagnetic spectrum.
Due to the unavailability of sufficient sources and detectors, this part of the electromagnetic
spectrum stayed untapped by scientists and researchers for a long time. Thus, this region
was named as a ‘terahertz band gap’ [115]. Advances in semiconductor technology in the
last two decades have opened up many new opportunities for Terahertz research. Terahertz
spectrum applications can be categorized in medical science, imaging of concealed items,
time-domain spectroscopy, defense applications, earth and space science, basic science,
and space instrumentation.
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2.4.1 The THz Wave Properties
Although interest in the THz region dates back to the 1920s [116], extensive
studies have been devoted to this region only within the past three decades. A key
motivation for this is the exceptional wave properties and vast possible applications in the
THz frequency range. Since the THz region lies between microwave-millimetre and
infrared areas, it has mid-characteristics borrowed from the two bands. The extensive
application area of terahertz spectrum is as a result of its uncommon radiation
characteristics [117], which are summarized as:
1.Intensity: The collimation of the microwave wave is harder than the terahertz
wave.
2.Scattering: The scattering is inversely proportional to the wavelength and it is low
in the THz band unlike light wave.
3.Non-ionization: Due to the low levels, terahertz exhibits low ionization effect on
the biological tissues.
4.Resolution: The resolution of an image increases with the decrease in the
wavelength and the resolution in the terahertz band is better than the microwave spectrum.
5.Spectroscopy: Many solid and gaseous materials exhibit terahertz signature in 0.5
THz – 3 THz band and can used for the detection.
6.Penetration: The THz wave can go through the different materials with the low
level of attenuation.
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2.4.1.1 Atmospheric Characteristics of THz Waves
THz radiation has distinct atmospheric characteristics compared to the microwave
and infrared waves. THz waves have extremely high absorption in the atmospheric
situation and the moist environment. The atmospheric attenuation across the
electromagnetic spectrum is depicted in Figure 2.21. It is obvious that signal degradation
in this range- with the main peak attenuation between 1 to 10 THz- is considerably more
than microwave and infrared bands. THz signal absorbs water significantly. Thus, for long
range (> few hundred meters) applications the required power for signal transmission is
high and impractical [118]. However, application of THz waves in the two following cases
is different.

Figure 2.21: Attenuation at sea level for different atmospheric situations, Rain = 4
mm/h, Fog = 100 m visibility, STD = 7.5 g/m3 water vapour, and 2×STD = 15 g/m3
water vapour [118]
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1) In the space since the ambient is near-vacuum, signal absorption and attenuation
due to water drops are not problems. Considering spectral signature of interstellar dust,
which is located in THz region, and aforementioned advantage of THz signals in space,
THz technology is a widely used technique in radio astronomy and space science. For
instance, Herschel Space Observatory, the largest infrared space telescope ever, was
launched in 2009 in the THz region by the European Space Agency [118].
2) For short range applications (< 100 m), atmospheric attenuation is not a
significant issue. Hence, THz technology is a very versatile tool for fundamental
investigations in various disciplines such as physics and chemistry. It is good to add that
despite adverse effect of water vapour lines on THz signals, these lines are narrow enough,
and their positions have been known. Thus, this allows removal/recognition of their effect
in THz applications such as spectroscopy [118]
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CHAPTER THREE
OPTICALLY MODULATED THz STRUCTURE USING LIQUID
CRYSTAL

Using liquid crystals (LC) to tune terahertz (THz) metamaterials has been
investigated over the past decade with some limited success. The issue has been that the
range of tuning has been significantly lower than theoretically anticipated through first
order modeling. Although LCs have extraordinary high tuning capabilities, the changes in
properties are subject to the orientation of the LC molecules with respect to modulated
electromagnetic field. In other words, the design of the alignment of the LC must be
optimized specifically for each metamaterial design. The simple first order model must be
replaced with representing the LC as an orientation changing, anisotropic uniaxial
layer. By optimizing the LC alignment, significant advances will be possible in agile
system for chemical and biological sensor, antenna designs, cloaking, and optical signal
processing.
By architecting periodic, subwavelength structures using dielectrics and metals,
artificial materials can be constructed having physical properties beyond what nature can
provide easily. These materials are called metamaterials and have led to some exotic
properties such as negative refractive indices which have enabled cloaking, perfect
absorption for more efficient energy harvesting, the “Z element” that enables the
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miniaturization of antennas, and detectors specifically for THz band to extensively
investigate many promising applications of this rewarding spectrum area. Although the
performance of metamaterials depends on their dimensions and configurations, it is ideal
to tune the frequency response of narrowband sensors and detectors accordingly. This
factor can be controlled of by several methods e.g. MEMS, photo-doping and temperature.
Recently liquid crystals has been the focus of researches due to its voltage dependent
birefringent properties. It has been shown that liquid crystals can manipulate THz response
of metamaterials [119, 120]. Our objective is to enhance the properties enabled by
metamaterial construction by incorporating a real-time tuning capability using liquid
crystal (LC). In this manner, the material system will be able to adapt to changes in the
environment like a chameleon in order to perform more efficiently. However, there are
important challenges to overcome in order to employ LC birefringent properties. First of
all, a large bias voltage is required in the case of using thick layers (around 1mm). Also
this leads to long response times for any practical device and less stable films
correspondingly. Secondly, it is equally crucial to choose the appropriate material that used
in these researches either as a substrate to the metamaterials or as a spacer between the LC
layers. Last but not least, the design and manufacturing of transparent and polarization
independent electrode which must display very high transmission so that resonant effects
and high loss can be minimized. In this work, optimization of tunable THz metamaterials
has been investigated by taking advantage of birefringent properties of LCs, polarization
independent transparent electrodes and filters.
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3.1 Terahertz Design, Structure and Simulation Results
In this research, gold wire grid polarizers and Y shape metamaterial designs will be
employed [121, 122]. In Figure 3.1 (a), a regular array of parallel metallic wires form the
wired grid polarizers. They can be set either parallel or perpendicular to the polarized
electromagnetic waves. Electromagnetic waves that are oscillated parallel to the wires
activate electrons to move along the length of the wires. Once electrons are free to move,
the polarizer behaves as a metal surface that reflects light. Some energy will be lost due to
Joule heating in the wires in the following. However, EM waves that are perpendicular to
the wires will travel through the grid due to the lack of electron movement across the width
of each wire. Thus, the incident wave is able to travel through the grid as shown in Figure
3.1 (a) and very little energy is vanished or reflected. Therefore, the transmitted wave is
linearly polarized that possesses an electric field merely in the direction perpendicular to
the wires. Figure 3.1 (b) displays the Y shape gold metamaterial structure. These designs
are common electromagnetic metamaterials. The metamaterials are in subwavelength scale
(~λ/10). Figure 3.1 (c) shows our gold grid design.
The performance of the wire-grid polarizers depends on the design parameters
which are thickness of the metal layer (d), the period of the grating (ʌ), and the width of
the metal wire (w). The thickness, the period, and the width of the wire grid are d=5µm,
ʌ=300µm, and w=5µm. As the grating period approaches the wavelength of the light,
transmittance of transverse magnetic (TM) and transverse electric (TE) increase or
decrease. Therefore, it is ideal to fabricate wire-grid polarizers with large width and
thicknesses and small period for efficient THz devices. Most wire-grid polarizers are made
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Figure 3.1: (a) The wired grid polarizers in the presence of EM waves, (b) Y Shape
Polarization independent electrode w = 41.1 µm, L = 82.2 µm, Px =Py= 123.3 µm [126],
(c) Gold wire grid structure d=5 µm, ʌ=300 µm, LC=20 µm and w=5 µm.
of metals like copper or aluminum which will oxidize in air and as a result they will degrade
with time [119, 120].
Therefore, they act as an effective medium. Their magnetic permeability and
electric permittivity values are very well characterized with respect to the macroscopic
form of Maxwell’s equations. Also, the metamaterial structures are well known for their
ability to accomplish magnetic resonances through their inductor–capacitor (L-C)
resonance. These designs and dimension of the structures will determine their resonant
frequencies. Tunable metamaterials can be set to alter the capacitance in the resonator gap.
Thus, the resonant frequency, phase of the resonance, or amplitude can be modified.
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Metamaterials can be simulated and/or fabricated in a three-dimensional (3-D) unit cell
size from (~1 cm) to (~1 mm) [123, 124].
Figure 3.2 (a) illustrates a COMSOL Multiphysics simulation of gold wire-grids
structure. Simulation results for the wire-grid polarizers in the presence of different
polarizations are obtained by using COMSOL as shown in Figure 3.2 (b). The polarization
of electromagnetic waves describes the orientation of wave oscillations perpendicular to
the direction of propagation. The wire grid polarizer works as an absorptive polarizer and
only passes through light oscillating perpendicular to the wires. Figure 3.2 (b) demonstrates
how the polarizers lets light wave of “y” polarization pass through while blocking light
waves of “x” polarization [125].

Figure 3.2: (a) COMSOL Multiphysics simulation structure, (b) Transmission vs
frequency (THz) for only gold wire grids respect to different polarizations.
Figure 3.3 show how the change in the orientation of the LC molecules can change
electromagnetic wave transmission in THz region. It has been shown that metamaterials
including liquid crystals have great potential for tunable materials. The LC materials have
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uniaxial anisotropic structures. When the THz signal propagates through these LC
elements, their polarization state changes dependent on the orientation of the LC molecules
with respect to the beam propagation. The propagation of THz signal incident on LC
molecules leads to different macroscopic permittivity. Therefore, the tensor for relative
permittivity of the LC layer can be altered set by rearranging the molecule position with
respect to the THz wave [125].
.

Figure 3.3: (a) Transmission comparison of layers and LC molecular orientation, (b) LC
molecular orientation angles.
In the Figure 3.4, our simulation is modeling the Y shape metamaterial in the range
from 0.1 THz to 1 THz. Gold is selected as a perfect conductor in the metamaterial unit.
The model includes the anisotropic nature of the aligned LC film whose orientation of the
molecules can be changed. Assuming the desired retardation, Γ, of the film is one-half of
a wave π and the frequency is 0.66 THz and the used LC is E7 with birefringence of 0.15
then the thickness of the film has to be 1.5 mm. COMSOL was used to simulate the
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tunability for 200 μm film of LC between to THz electrodes deposited on 500 μm Teflon
substrate. Liquid crystal molecule orientation assumed to start with θ = 0 ͦ and φ =45 ͦ when
no voltage applied. By applying voltage across the cell (z-direction) the orientation should
change to θ = 90 ͦ and φ = 45 ͦ as shown in Figure 3.4 [126].

Figure 3.4: The simulated transmission to show the tunability for 200 μm film of LC
between to THz electrodes deposited on 500 μm Teflon substrate.
Figure 3.5 displays the vector electric field distribution to gain a better
understanding of the metamaterial unit cell. It is well known that the electrostatic electric
field  is zero inside good conductors. As a result, electric conductors are equipotentials.
Dielectric materials also suppress the electric field inside the dielectric due to alignment of
electric dipoles. The electric field at the boundary of a dielectric is refracted since the
normal component of the electric field at the surface is reduced by dielectric constant (ĸ)
in the dielectric. One can note that resonance in the gold wire grids leads to a stronger
electric field concentration while the Y shape metamaterial design almost transparent to
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the incident light. The shape of a distribution also differs for the different incident wave
polarizations. Thus, the metamaterial structures can be used to manipulate electric field
concentration inside the unit cells. Fabrication of such structures can be done, for example,
using additive layers of metamaterial designs and using different parameters of cell
structures [125].

Figure 3.5: Metamaterial unit cell electric filed distribution in the presence of anisotropic
LC molecules.

3.2 Proposed Fabrication Steps
In this chapter, the fabrication process of the designed electrode will be discussed
in detail for two kinds of four inch wafer substrates; quartz and Teflon. These two materials
have distinct properties which require the fabrication of the electrode on their surfaces to
be different. The microfabrication process was performed in the clean room facilities of
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the Nano and Micro Device Center within the Center for Applied Optics at The University
of Alabama in Huntsville (UAH). The test equipment is explained as well as measurements
results for both substrates.

3.2.1 Electrode Fabrication
3.2.1.1 Electrode Fabrication on Quartz
The electrode design was fabricated on quartz using a basic photolithography liftoff process as shown in Figure 3.6. The process starts with a clean bare four inch and
500μm thick wafers double side polished (DSP) of quartz (navg = 2.154). The deposition
steps can be categorized into substrate cleaning, photoresist coating, UV light exposure,
developing, deposition and lifting off:

Figure 3. 6 : The fabrication process (lift-off)
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1) Pre-Cleaning Bare Wafers:
To remove any dust particles on the wafers which will be an obstacle for smooth
depositing for the photoresist or gold layers pre-cleaning process is performed. These
particles may cause a failure or malfunction for the final outcome structures or devices.
Cleaning was done by washing the wafers using Acetone, Isopropyl Alcohol, and DI water
to remove any particles or contaminants on the surfaces. Then dry the wafers by using
Nitrogen gas and baking them for 20 to 30 minutes at 120 ͦ C for perfect dryness which is
required for next steps.
2) Photoresist Layer (Coating):
Photoresist is an essential part of any photolithography process. These polymers
react to the UV light exposure. There are two main types of photoresist; one that is
weakened by UV exposure and become more soluble in the developer solution called
positive photoresist; one which becomes stronger and less soluble in the developer called
negative photoresist. Based on that and the desirable structure to be fabricated, a positive
or negative mask and photoresist can be chosen to produce the proposed structure. In the
UAH clean room, the UV source is centered at a wavelength of 365 nm UV. The photoresist
is a positive photoresist called AZ MiR 701. This photoresist was dispensed on a bare clean
wafer. The wafer placed in a spinner with a ramp up speed of 500 rpm for 30 seconds then
a spin speed of 1500 rpm for another 60 seconds to have a smooth uniform coating of
photoresist. The wafer then placed in a 90 ͦ C oven for 30 minutes for a soft bake prior to
UV exposure on a mask aligner.
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3) UV Exposure:
This step is to transfer the pattern on the negative photomask to the photoresist
coating on the wafer using soft contact process. Photomask is a plate of quartz or different
materials that are used in such application which have the desirable structure patterned on
them already. The photomask can be positive which has identical pattern as the final
structure or negative which has the negative of the final structure. Surface cleanness of the
mask and wafer is very important in this step so the pattern will be clean too with no
destroyed features. The mask must be on the top of the wafer and the UV light shines on
the top of the mask. The time of the UV light exposure is 60 seconds. Figure 3.7 shows the
used mask design for this electrode.

6.5 cm
3 cm

3 cm
2x2
cm

2.5 cm

2.5 cm
8.0
cm
2.5 cm

Figure 3.7: The mask design with electrode pattern [126].

4) Photoresist Development:
As mentioned previously, positive photoresist AZ MiR 701 was used and the
developer which works with it is AZ 300 MIF. The developer will wash away the areas of
the photoresist that were exposed to the UV light and leave it bare areas in preparation for
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the chrome and gold deposition. The time of the wafer to be soaked in the developer is 60
seconds. Usually a thin film of the photoresist will remain after developing so an O2
cleaning in order to remove any unwanted material may be required. Figure 3.8 shows the
quartz wafer with electrode pattern printed on it after the developer step.

Figure 3.8: Quartz wafer with electrode pattern printed on it after the developer step
[126].

5) Chromium and Gold Deposition:
Depositing a thin film of a metal on a surface of a quartz wafer could be done with several
different techniques such as thermal evaporation, sputtering, and chemical vapor
deposition. First two methods were used to deposit the desirable structure but the sputtering
show more metal film stability than the film deposited by thermal evaporation method. The
fabrication was done by depositing a very thin layer of chrome (about 5 nm) followed by
a gold film of 50 nm because the gold does not adhere well directly to the quartz surface.
The metal films will be deposited uniformly on the wafer surfaces which still have the
photoresist on and the bare surfaces have nothing on them.
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6) Lift-off process:
This is the last step where the wafer is washed by Acetone that will lift-off the rest of the
photoresist including the metal layer on it. The only parts that will stay are the gold layer
that was deposited directly on the bare quartz substrate. The wafer is then washed with DI
water and dehydrated by Nitrogen gas. Figure 3.9 shows the quartz wafer with electrode
pattern printed on it after the lift-off step.

Figure 3.9: Quartz wafer with electrode pattern printed on it after the lift-off step [126].
After performing these steps, the electrode structure lift-off fabrication process on
the top of quartz wafer is done. This process was executed using two different mask
patterns one has the initial design and the second has the enhanced design and the fabricated
results as shown in Figure 3.10.
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Figure 3.10: Fabricated designs (initial and enhanced) under the microscope; the black
color is the hole and the light color is the gold [126].
3.2.1.2 Electrode Fabrication on Teflon
Teflon is flexible, easy to handle even at thickness of 50 μm and has a refractive
index (n  1.5) close to the LC films. In this work, a micro-fabrication processes was
developed for Teflon because it has the additional benefits over quartz in that it is flexibility
and the readily available as very thin films (tens of microns). Flexibility provides an added
benefit in that one can pursue tunable cloaking applications which require curved surfaces.
The challenge of using Teflon is the non-sticky surface makes it more difficult for the
micro-fabrication and deposition techniques needed to produce the electrodes. Basic wet
etching process was used as shown in Figure 3.11.
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Figure 3.11: Electrode fabrication process on Teflon substrate (wet etching)

1) Pre-Cleaning Bare Wafers:
Pre-cleaning process is performed by washing the wafers using Acetone, Isopropyl
Alcohol, and DI water to remove any particles or contaminants on the surfaces. Then dry
the wafers by using Nitrogen gas and baking them for 20 to 30 minutes at 120 ͦ C for perfect
dryness which is required for next steps. As it is known that the surface of the Teflon is
non-sticky and to promote the adhesion of the metal gold that will be deposited next, the
wafer may be exposed to the hexamethyldisilazane (HMDS) adhesion promoter for 20
minutes.
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2) Chromium and Gold Deposition:
Depositing a thin film of a metal on a surface of a Teflon wafer was done by using
the sputtering method which produces more stable (not easy to be scratched) metal film
than the film deposited by thermal evaporation method. The fabrication was done by
depositing a very thin layer of chrome (about 5 nm) followed by a gold film of 50 nm
because the gold does not adhere well directly to the Teflon surface. The metal films will
be deposited directly and uniformly on the wafer surface.
3) Photoresist Layer (Coating):
As mentioned above at the UAH clean room, the UV source is centered at a
wavelength of 365 nm UV light and the photoresist that used in the photolithography
process is positive photoresist called AZ MiR 701. This photoresist was dispensed on the
gold layer on the top of the Teflon wafer. The wafer placed in a spinner with a ramp up
speed of 500 rpm for 30 seconds then a spin speed of 1500 rpm for another 60 seconds to
have a smooth uniform coating of photoresist. The wafer then placed at 90 ͦ C oven for 30
minutes (for a soft bake) prior to UV exposure on a mask aligner.
4) UV Exposure:
To transfer the pattern on the negative photomask to the photoresist coating on the
wafer using soft contact process, it has to be done by shining the UV light on the mask
while it is directly on the top of the photoresist. The time of the UV light exposure is 60
seconds. Error! Reference source not found.7 shows the used mask design for this
electrode.
5) Photoresist Development:
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The developer AZ 300 MIF was used which works with positive photoresist AZ
MiR 701. The developer will wash away the areas of the photoresist that were exposed to
the UV light and leave it bare gold areas in preparation for etching the gold spots. The time
of the wafer to be soaked in the developer is 60 seconds. Then the wafer washed with DI
water and dried by Nitrogen gas.
6) Wet etching process:
Wet etching is performed by soaking the wafer in gold etchant (9:1) for 25 seconds
to etch the entire gold layer in exposed areas which have thickness of 50 nm as the etching
rate for it is 200nm/minute. The only areas of gold will stay are the areas with photoresist
on them. The last step is where the wafer is washed by Acetone that will remove the rest
of the photoresist that was protecting the metal layer then dry the wafer with Nitrogen gas.
After performing these steps, the electrode structure etching fabrication process on
the top of Teflon wafer is done. This process was only executed using mask patterns has
the enhanced design. The design and the fabricated result are shown in Figure 3.12 and
Figure 3.13.

Figure 3.12: The Enhanced design structure [126].
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Figure 3.13: Tripod gold film aperture array transparent electrode design structure and
the fabricated enhanced designs under the microscope; the black color is the hole and the
light color is the gold [126].

3.3 Measurements System
As was mentioned previously in this chapter, all measurements will be conducted
at the Army Aviation and Missile RD&E Center, Weapon Sciences Directorate, Redstone
Arsenal base lab by Dr. Martin Heimbeck. The THz testing system used is the backwardwave oscillator sources (BWOs), which is a form of vacuum electronic sources, relies
heavily on wave mixing to tune to the requisite THz frequency. BWOs are highly
monochromatic sources, with an excellent stability. THz transmission measurements
through 20 mm by 20 mm samples of the aforementioned FSS electrodes were performed
using a frequency-domain THz ellipsometer. Figure 3.14 shows a picture of the sample
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mounted in the ellipsometer. The ellipsometer used an electronically tunable, highly
coherent 0.110 – 0.170 THz backward wave oscillator (BWO). The BWO frequency can
be extended to 0.220 – 0.330, 0.330 – 0.500, or 0.660 – 1.0 THz with x2, x3, or x6
frequency multipliers based on GaAs Schottky diode technology. The red lines in Figure
3.14 shows the path that the THz beam takes from the source to the detector. This beam is
focused almost exactly at the sample using a light beam that tells the position of the
invisible THz beam. The output signal after the device under test is detected by a broadband
Golay cell relies on a thermometric detection technique. In addition to providing
transmission measurements for both horizontal and vertical linear polarization states, this
system is capable of full THz ellipsometry and Mueller matrix measurements in
transmission and reflection geometries. The resolution of this system is less than 5 GHz
which means a change in the signal between any two consecutive measurements will not
be detected by the system [126].
As it will show in the measurements section later in this chapter, the source has
problem measuring in the ranges between 0.17 and 0.23 THz and (0.51 to 0.66) THz for
all cases which could be related to the mixers modules at these specific ranges of frequency.
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Figure 3.14: The experimental set up during the FSS electrodes measured in THz
ellipsometer [126].
Consistent with the available THz source in our test setup, the initial designs were
optimized to work within the range of frequency from 0.1 to 1 THz. Also, the transmission
peaks are chosen to be away from the bands that the source cannot measure. Since the goal
is to measure the transmission of THz wave through a metallic structure with certain
apertures, the transmission mechanism has to be explained in order to understand the
results. The transmission mechanism through sub-wavelengths slots in thin conductive
metal sheet in the THz band is well studied. The extraordinary optical transmission (EOT)
in the terahertz regime is different from the optical or near-infrared frequencies. In the
visible/near IR regions the main mechanism is surface plasmon polaritons (SPPs), which
requires working relatively near the conductor’s plasma frequency [126].
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CHAPTER FOUR
TERAHERTZ SRR METAMATERIAL ABSORBER DESIGN
INVESTIGATIONS AND OPTIMIZATIONS

Across the spectrum, electromagnetic metamaterial research continues to blossom,
with a significant fraction of work focusing on split-ring resonators (SRRs) [82] and their
variants which include, as examples, spiral [127], labyrinth [128], and electric-fieldcoupled (ELC) resonators [129].
The magnetic properties of split ring resonators (SRRs) was proposed long before
the advent of metamaterials [130], though John Pendry was the first to propose a structure
composed of an array of SRRs and quantifying the array as an artificial material possessing
an effective magnetic response [82]. The resonant response of SRRs, and for most
metamaterials, can be described conceptually as an LC circuit [131], where the inductance,
L, comes from the path length and area enclosed by the ring, and the capacitance, C, from
the split gap. From an engineering perspective this is useful as the resonance frequency
ω0= 1/√𝐿𝐶, meaning that by simply scaling these variables one can achieve a resonant
response at nearly any frequency, though in practice material parameters in general vary
considerably across the electromagnetic spectrum. SRRs have proven to be of immense
interest due to their magnetic response, but many alternative structures have also been
proposed with different functionalities. Electric split ring resonators (eSRRs), also known
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as electrically coupled LC (ELC) resonators, have a modified asymmetric geometry
compared to conventional SRRs, which enables them to effectively cancel the magnetic
moment and only couple to the incident electric field vector as shown in Figure 4.1 (c).
The effective permittivity is similar to that of magnetic response of SRR, where εff takes
the form
ω2

εff (𝜔) = ε∞ + 𝐹 ω2 −ω2 −iΓω

(4.1)

0

where resonant frequency 𝜔0, filling fraction 𝐹, retardation Γ, and ε∞ is the frequency
independent dielectric permittivity in the supporting dielectric substrate that is due to the
contribution of bound electrons. This chapter provides an overview of metamaterial
resonators and the relationship between the absorption peak frequency and the design
parameters such as substrate thickness, unit cell size, and capacitance gap.
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4.1 Modeling Metamaterials in THz Region

Figure 4. 1: (a) The simulation layout for the device an air gap exists between the port
and Gold SRR. (b) The dimensions of SRR (c) the surface current density(shown by red
arrows) and norm of the electric field at resonance.
Planar electric split ring resonator (eSRR) metamaterials and their corresponding
inverse structures are designed and characterized computationally. The difference between
SRRs and eSRRs is that SRRs exhibit Lorentz response in both permittivity and
permeability with strong bianisotropy while the eSRR resonators show the decoupling
between the electric and magnetic response. Comparison between SRR and eSRR reveals
that the latter one can eliminate bianisotropy [132]. The metamaterial structures employed
in this work are based upon a recently presented electric analogue to the split-ring
resonators [129].
An input power of 1 Watt (W) for the incoming wave was selected at Port, shown
in Figure 4.1. Using 1 W for the input power allows the computation of the normalized
absorption by calculating the dissipated power on the metamaterial cell. A convenient way
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to compute absorption is by calculating the amount of reflected power back into the Port.
Since there is no transmission, absorption is given by
A=1- |𝑆11 |2

(4.2)

where “|𝑆11 |2 ” represents the reflected power on Port in Figure 4.1. The unit cell
geometries and notations follow the design in Ref. [133] and are shown in Figure 4.2. A
prefix, either “O” or “C”, is attached which symbolize the original or complementary
structures. Here samples are labeled as “OEn or CEn" where n=1-6 for different samples.
These highly symmetric structures contain sub-wavelength elements that display a resonant
characteristic to the electric field while minimizing or eliminating any response to the
magnetic field. All these structures have an outer dimension of 36 μm, a lattice parameter
of 25.9 μm, line width of 3 μm, and a gap of 1.4 μm as seen in Figure 4.1. Both the original
structures and their complements are simulated as square planar arrays on polyimide
substrates of 8 μm thickness and gold ground. The electric, Figure 4.1 (c), responses at
resonance are also shown for this design.
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Figure 4. 2: Geometry of original planar metamaterial unit cells (OE1-OE6) and their
complements (CE1-CE6) with dimensions described in the text.
The results of computational studies on planar Terahertz eSRR metamaterials are
presented here. Then, their corresponding inverse structures where the metallic patterns are
switched with open sections and open parts are replaced with metallic conducting regions
(see Figure 4.2). The terminology “original” is adopted to refer to the eSRR metamaterial
structures and “complementary” to refer to the corresponding inverse metamaterial
structures.
In Figure 4.3 absorbance of original eSRR metamaterial structures are given. It can
be seen that the absorption reaches its highest value with OE2 metamaterial structure. In
addition, OE1 metamaterial shows the lowest performance in absorption measurements.
All original metamaterial structures show a resonant absorption decrease at frequencies
between 1 THz and 1.4 THz. It has to be pointed out that the enhanced resonant absorption
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in the original metamaterials is due purely to the electric response which indicates that
there is no component of magnetic field.

Figure 4. 3: Absorbance of original electric metamaterials.
In Figure 4.4, the simulated input port reflections ,S11, of original metamaterial
designs are shown. For the OE2 alone, it has a single resonance at 1.6 THz with a - 4 dB
bandwidth of around 0.2 THz (1.5 THz ~ 1.7 THz). However, with the OE1 design, it has
a single resonance at 1.2 THz with a -2 dB bandwidth of around 0.1 THz (1.15 THz ~ 1.25
THz), an decrease of about %50 respect to the OE1 unit cell. The difference can be
attributed to the cause of having different effective permittivity values. The near-field
coupling between the eSRR designs and the inner layers is tuned such that multiple
resonances can be observed at 1.2 THz, 1.6 THz, 1.8 THz, 1.5 THz, 1.9 THz and 2.1 THz.
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Figure 4. 4: Reflection of Original Electric Metamaterials.
In contrast to the original, the complementary metamaterial structures display a
resonantly enhanced absorption. Figure 4.5 shows the designs CE1, CE2, CE3, CE4, CE5,
and CE6 exhibit absorptions of 76%, 77%, 97%, 87.6%, 99.9%, and 92.6% respectively.
These near-unity absorptions occur at center frequencies 3 THz, 3.2 THz, 2.2 THz, 1.9
THz, 2.4 THz and 2.6 THz for designs CE1, CE2, CE3, CE4, CE5, and CE6 respectively.
The absorption peaks offer a full-width-at-half-maximum (FWHM) from 0.2 THz to 0.5
THz making this absorber structure ideal for spectrally selective imaging applications.
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Figure 4. 5: Absorbance of Complementary Electric Metamaterials.
The simulated input port reflection ,S11, of complementary metamaterial designs is
shown in Figure 4.6. They are slightly narrower than the original eSRR structures
simulations due to the small frequency shift of the complementary structures (CE1, CE2,
CE3, CE4, CE5, CE6) at resonances 3 THz, 3.2 THz, 2.2 THz, 1.9 THz, 2.4 THz, and 2.6
THz respectively. Unlike the original structures, the simulated S11 bandwidth of
complementary metamaterial structures is decreased. For the CE2 structure alone, the -4
dB S11 bandwidth observed in original structure is decreased to 0.13 (3.1 THz ~ 3.23 THz)
a decrease of about 65%. Furthermore, it is shown that in general the S 11 curves of
complementary structures are sharper than the original structures. Having high quality
factors causes sharp peaks. The lower quality factors are primarily caused by the increased
Ohmic loss originating from the gold, which gives a higher level of background absorption
at frequencies away from the resonances.
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Figure 4. 6: Reflection of Complementary Electric Metamaterials.
As it is explained in the electrical response of LC cells section, the liquid crystal
materials are composed of anisotropic molecules whose direction can change by an
external applied field. Applying an external field such as electric field across the
metamaterial absorber unit cell containing a nematic liquid crystal will reorient the
molecules in the liquid crystal layer towards the applied field. The orientation of the liquid
crystal molecules along the electric field vector of the incident wave can be dynamically
controlled by adjusting the applied field [109]. Therefore, Figures 4.7 and Figure 4.8
present COMSOL simulations of the electric field norms and surface current densities
(shown by red arrows) at resonant frequencies, which provide additional insight into the
origin of the electromagnetic response of the original metamaterial structures with liquid
crystal layers. The red arrows in the figures represent the surface current with the arrow
size being proportional to current intensity. In Figure 4.7, the incident field induces surface
current in opposite directions on the sides of the rings and capacitive gaps.
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Figure 4. 7: COMSOL Multiphysics simulation results of original planar metamaterials.
All simulations are for the highest frequency resonant response. The red arrows indicate
the surface current density, and the color represents the electric field.
The red arrows in Figure 4.8 represent the surface current with the arrow size being
proportional to current intensity. At resonance frequency, CE2 metamaterial unit cell
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Figure 4. 8: COMSOL Multiphysics simulation results of complementary planar
metamaterials. All simulations are for the highest frequency resonant response. The red
arrows indicate the surface current density, and the color represents the electric field
norm.
shows a low amount of reflection (5.8 dB) which is visible by the high density of red
arrows. But at resonance frequency of CE5, the simulation reveals that the reflected electric
field extremely large (34.8 dB) which is visible by the lack of red arrows.
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The planar electric split ring resonator (eSRR) metamaterials and their
corresponding inverse structures are designed and characterized computationally utilizing
Comsol Multiphysics Software program in THz time domain spectroscopy. The results
presented in Figure 4.3 and 4.5 clearly show that the present metamaterials already display
a pronounced and functional terahertz response which, when combined with magnetically
resonant SRRs, will facilitate this approach to creating negative index metamaterials. The
frequency dependent surface current density and local electric field provide considerable
insight into the electromagnetic response of our planar metamaterials. The initial
demonstration of several electric metamaterials at THz frequencies highlights their
usefulness and versatility. These structures may find applications in the construction of
various THz filters, transparent THz windows, or THz grid structures ideal for constructing
THz switching/modulation devices.

4.2 Metamaterial Structure Parameters Analysis
Optimizing the geometry of the metallic electric split ring resonator metamaterials
and dielectric thickness permits tuning of the effective material response criterias allowing
for both impedance matching and strong absorption at nearly any desired frequency.
Metamaterial absorbers typically are made up of two metallic layers and a dielectric spacer
which is between metallic layers [134]. The top metal layer is specifically designed in order
to strongly couple to a uniform incident electric field. As a result of pairing the top layer
with a metal ground plane, a mechanism for coupling to the magnetic component of light
is created as shown in Figure 4.9 (a). Although the electric response resonates the electric
split ring resonator shown in Figure 4.9 (c), the magnetic response produces anti-parallel
currents in the top and bottom metal layers [31].
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Figure 4. 9: (a) Unit Cell Structure, (b) Design parameters, (c) Simulation of electric field
norm and surface current density.
Polarization dependent transmission properties of metamaterials in terms of
anisotropic and bi-anisotropic effects have been investigated for the development of
polarimetric devices. Thus, it is attractive to explore polarization-sensitive tunable
mechanisms for THz metamaterials [134]. Figure 4.10 illustrates the simulated responses
for the electric field vector with respect to polarizations in the x-and y-direction
respectively. A polarization-dependent, frequency-selective metamaterial (MM) absorber
based on a single-layer patterned resonant structure intended for THz frequency band is
chosen. The resonance frequency is observed to be either tunable or non-tunable with the
electric field of the incident wave, which is perpendicular or parallel to the split gap of the
electric split-ring resonators. While collective electron excitations can propagate along a
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smooth surface, they are sometimes confined to metallic nanoparticles and metallic
nanostructures, called localized surface plasmons (LSPs). Excitation of LSPs by light at a
wavelength where the resonance occurs (y polarization in this case) results in strong light
scattering, along with an intense absorption band and enhancement of local
electromagnetic fields [135].
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Figure 4. 10: Absorption polarization dependence of OE2 unit cell shown in Figure 4.9
(a).
4.2.1 Unit Cell Size (px or py value) and eSRR Length Dependence
First the difference regarding resonant frequencies between the sizes determined by
px (or py) of the unit cell from 115 um to 36 um is investigated. Thereafter, different sizes
of the length of SRR are examined ranging from 42 um to 25.9 um. For each analysis all
the other parameters such as the length of SRR design (l), capacitance gap distance (c), the
wire width (w) and the substrate thickness are kept the constant. The resonant frequency is
identified by the both absorption and reflection (S11) graphs where the peak value of each
curve is with the resonant frequency, as it is displayed in Figures 4.11 to 4.14.
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Figure 4.11 shows an absorption comparison between the unit cell sizes from 36
µm to 115 µm. A strong absorption band is clearly observed at 1.3 THz with a bandwidth
of ~0.1 GHz. While 36 µm unit cell size shows a maximum absorptivity of 81.6% at 1.3
THz, it is found that 115 µm has a minimum absorptivity of 53.1% at 0.2 THz.
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Figure 4. 11: Absorbance respect to unit cell sizes
In Figure 4.12, the simulated input port reflection S11 of the eSRR metamaterial
with various unit cell sizes is shown. Whereas it is found that the sample with 36 µm unit
cell size has a resonance at 1.3 THz with a –7.3 dB bandwidth of around 0.06 THz (1.27
THz ~ 1.33 THz), the metamaterial with 115 µm unit cell size displays a resonance at 0.2
THz with a -3.2 dB bandwidth of around 0.17 THz (1.96 THz ~ 2.13 THz), an decrease of
about 43%. The difference can be attributed to the cause of having different effective
permittivity values alternating the quality factor of the eSRR metamaterial resonance.
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Figure 4. 12: Reflection respect to unit cell sizes.
Figure 4.13 shows an absorption comparison between the eSRR length sizes of 25.9
µm, 31 µm, 33 µm, 37 µm and 42 µm. A strong absorption band is clearly observed at 1.7
THz with a bandwidth of ~0.15 GHz for the eSRR with a length of 25.9 µm. A maximum
absorptivity of 93.5% at 1.7 THz for eSRR with 25.9 µm and a minimum absorptivity of
72.4% at 0.9 THz for eSRR with 42 µm are found. Increase in eSRR length sizes causes
the absorption peaks shift to lower frequencies. The low absorption values are results of
the lack of efficient excitation of both electric and magnetic resonances in eSRR
metamaterial.
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Figure 4. 13: Absorbance respect to SRR lengths.
In Figure 4.14, the simulated input port reflections S11 of the metamaterial with
various eSRR length sizes are shown. It is found that the sample with 25.9 µm length size
has a resonance at 1.7 THz with a –11.95 dB bandwidth of around 0.07 THz (1.66 THz ~
1.73 THz) while the eSRR with 42 µm length size shows a resonance at 0.9 THz with a 5.6 dB bandwidth of around 0.06 THz (0.87 THz ~ 0.93 THz), an decrease of about 47%.
It is clear that the eSRR with 25.9 µm length size is more reflective than the one with42
µm length size.
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Figure 4. 14: Reflection respect to SRR lengths.
All in all, as the size of the unit cell (px or py) and the length of SRR (l) decrease,
the resonance frequency of the structure moves right of the graphs which indicate higher
resonant frequencies. The larger the size of the unit cell (px) or the length of SRR the lower
is the resonant frequency values. Thus, with the smaller size of the metamaterial structure,
while the absorbance values become higher as well as the resonant frequencies, the
reflection values decrease. Higher resonant response at smaller cell sizes is the result of the
interaction of the cell material with the incident wave is more than bigger cell size
structures so there exists more resonant particles in the material. These results show that
the absorber frequency could be easily tuned by varying different lengths to meet different
application needs. Additionally, the permittivity  and permeability  are the constitutive
parameters which depended on the nature of the unit cell as explained in Chapter 2. These
two parameters directly relate to the refractive index n by n   √𝑟 𝑟 , where 𝑟 and 𝑟
are relative permittivity and permeability. The four possible sign combinations are
illustrated in Figure 2.2. By engineering the geometrical size of this metamaterial, the
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effective permittivity and permeability can be independently controlled. A unit cell size of
px=36um and a length of l=25.9um are selected as an ideal cell in order to work with the
highest metamaterial absorber structure.

4.2.2 Capacitor Gap Dependence
It is of interest to determine the response of the structure for an optimized cell when
the gap between the cells changes. In the simulations the difference in the resonance
frequency when gap distances between unit cells were varied was studied, specifically the
gap distance (g) was varied from 0.6 um to 3 um. All the other parameters such as the wire
width and the substrate thickness were kept the same for a unit cell of px=36 um. The
resonant frequency is represented by the peak value of each curve as shown in Figure 4.15
and Figure 4.16.
Figure 4.15 and Figure 4.16 show the absorbance and the reflection of the
metamaterial structure with different gap distance between the unit cells. It can be
concluded that the larger the distance between the unit cells, the higher is the resonant
frequency. This phenomenon could be attributed to the change of the capacitive resonance
between the gaps since the closer the gap is, the stronger the electric response is between
the gaps. Therefore, with the smaller distance between the gaps, the resonant strength
becomes stronger and the resonant frequency becomes lower. However, if the two
structures are too close to each other, the structure behaves like each unit is connected. It
may be noted that when the gap is too small, it would be difficult to fabricate so for practical
reasons, it is suggested that g=1.4 um should be chosen as the optimum gap distance.
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Figure 4. 15: Absorbance respect to capacitor gap sizes.
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Figure 4. 16: Reflection respect to capacitor gap sizes.
4.2.3 Analysis of eSRR Width (w) Dependence
The effect of SRR wire widths varying from 0.5 um to 3 um is inspected. All the
other parameters are kept the same such as the unit cell size (px or py), split ring resonator
length (l) and the gap distance (g). The resonant frequency is represented by the peak value
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of each curve demonstrated in Figure 4.17 and Figure 4.18. As shown from the figures, the
absorption and reflection of the metamaterial with different wire widths do not show a big
difference in the operating frequency range. Although there is a modest shift in values, the
resonant frequency values are close to each other for most of the cases. However, it can be
said that the wider is the wire; the higher is the resonant frequency. As a result, an electric
split ring resonator with the width of 3 um is chosen as an ideal cell in order to work with
the highest metamaterial absorber structure.

absorption width dependence
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Figure 4. 17: Absorbance respect to metallic structure width (w).
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Figure 4. 18: Reflection respect to metallic structure width (w).
4.2.4 Analysis of Substrate Thickness Dependence
Finally, the difference of the resonant frequency of the unit cells with different
polyimide thicknesses which varied from 5 um to 10 um. All the other parameters are kept
the same such as the unit cell size (px or py), split ring resonator length (l), metallic
structure width (w) and the gap distance (g). The resonant frequency is demonstrated by
the peak value of each curve as presented in Figure 4.19 and Figure 4.20.
Figure 4.19 and Figure 4.20 show that the resonant frequency of the metamaterial
with different polyimide substrate thickness in the operating frequency range. As the
thickness increases, the absorption values decrease and the resonant frequency shift to
higher frequencies. This is because when the spacer thickness deviates from the optimized
value (i.e. 8 µm), the magnitude and phase conditions cannot match any more and the
multiple reflections partially interfere destructively or may add each other constructively.
Also, it’s expected that the refractive index values have a noticeable change as a result of
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varying substrate thicknesses. The thicker the substrate, the lower is the refractive index
value [136]. In short, polyimide is employed as a low-index low-loss and highly flexible
substrate upon which to fabricate THz metamaterials. Thickness of 8 um is selected as the
ideal sample dimension to maximize the optimization.
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Figure 4. 19: Absorbance respect to substrate thickness.
Reflection substrate thickness dependence
1.00E+12
0

1.50E+12

2.00E+12

2.50E+12

S11 parameter (dB)

-5
-10
-15
-20
-25
-30
-35

Frequency (Hz)

8 um

10 um

12 um

18 um
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CHAPTER FIVE
OPTICALLY MODULATED TERAHERTZ METAMATERIAL
ABSORBERS WITH ANISOTROPIC DIELECTRIC LIQUID
CRYSTAL

Development of tunable, dynamic, and broad bandwidth metamaterial designs is a
keystone objective for metamaterials research, necessary for the future viability of
metamaterial optics and devices across the electromagnetic spectrum. Yet, overcoming the
inherently localized, narrow bandwidth, and static response of resonant metamaterials
continues to be a challenging endeavor. Resonant metamaterial absorbers have flourished
as one of the most promising metamaterial devices with applications ranging from power
harvesting to terahertz imaging. Liquid crystals are viable candidates for tunable
metamaterials with promising future. The voltage dependent birefringence of nematic
liquid crystals is well known and has been investigated over the past several decades
supporting the development of devices, such as optical display technology, electronically
tunable metamaterial and photonic structures. In this chapter, an optically modulated
resonant absorber is presented [137-139].
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5.1 Tunable Terahertz Metamaterial Absorber with Anisotropic
Dielectric Liquid Crystal

Conventional THz metamaterials made of noble metals not only create a nonuniform bias electric field but also are highly reflective at their resonance frequencies
where the most interesting properties of metamaterials come from. In this work, integrating
an eSRR into a metal backplane via a subwavelength liquid crystal cell as the spacer, an
electronically tunable terahertz perfect metamaterial absorber is designed numerically. It
is shown that while the resonance frequency is tuned by about 80 GHz at 1.3 THz, an
applied electric field kept constant at 1 V/m. The measured absorbance and full width at
half maximum (FWHM) bandwidth are preserved at 90% and 1.3 THz, respectively.
Furthermore, a uniaxial model for LC is employed to simulate absorption spectrum in
different orientation angle of LC molecules.
The schematic illustration of the designed device along with its front projection are
depicted in Figures 5.1 (a) and 1(b), respectively where all dimensions are in micrometer.
In Figure 5.1 (c) the red arrows indicate the surface current density, and the color represents
the electric field norm. Thereafter, a schematic demonstration of initial alignments of LC
molecules between two electrodes is illustrated in Figure 5.1(d) where the applied electric
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Figure 5. 1: (a) Schematic demonstration of simulated LC metamaterial absorber where
the incident polarization is normal to absorber and polarization is along the gap of SRR,
(b) SRR structure parameters, (c) Electric field norm and surface current density of SRR,
(d) and (e) side view of the proposed fabrication structure where the applied electric field
is zero and LC molecules are initial alignment, and when the electric field is bigger than
zero resulting in orientation of LC molecules normal to the surface of SRR and
backplane.

field is equal to zero. By increasing the applied electric field, LC molecules will be
eventually oriented in a direction normal to the surface of the electrodes as shown in Figure
1(e). Therefore, the incident THz field inside the spacer will experience different refractive
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indices of LC dependent upon the applied electric field and hence a change in absorber
response is expected to be observed. In electromagnetic simulations, these extremely thin
polyimide and transparent electrode layers are neglected.
The structure is basically consisted of three layers; the liquid crystal layer covering
the split ring resonator metamaterials, followed by eSRR made of 200 nm Au on 8 µm
polyimide substrate, and 200 nm Au backplane. Modifying the parameters of the metallic
structure and dielectric thickness enables tuning of the effective material response
parameters, thus making impedance matching and strong absorption possible at nearly any
desired frequency. To design the structure two parameters were optimized. Firstly, the
structure of eSRR in order to maintain a resonance frequency at targeted terahertz spectrum
and also support various modulation frequencies between eSRR and LC layer which is
essential for orienting LC molecules. An analysis for terahertz eSRR metamaterial
optimization is presented in Chapter 4. Secondly, the thickness of LC film is another factor
that is crucial to obtain almost perfect absorption at the targeted THz frequency.
Figure 5.2 shows a comparison between the LC layer thicknesses from 5 µm to 100
µm. A strong absorption band is clearly observed at 1.3 THz with a bandwidth of ~0.1
GHz. A maximum absorptivity of 95.5% at 1.3 THz and a minimum absorptivity of 57.4%
at 1.4 THz are found. At different thicknesses, the absorption peaks remain centered at 1.3
THz and 1.4 THz. The low absorption values of 57.4% is a result of the lack of efficient
excitation of both electric and magnetic resonances in eSRR metamaterial absorber with
50 µm LC layer. Besides, the loss in the metal, LC layer and substrate structure contribute
to weaken the absorption. After my investigations, the LC thickness of 5 µm gives the best
tuning mechanism for this specific eSRR terahertz metamaterial design. The curves of 5
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µm, 50 µm, and 100 µm reveals that, in addition to the strong absorption at 1.3 THz, there
is a secondary absorption around 2.1 THz which is in agreement with prior work [143].

Absorbance LC thickness dependance
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Figure 5. 2: Absorption plots of terahertz SRR metamaterial structure respect to different
LC thicknesses.
In Figure 5.3, the simulated input port reflection S11 of the eSRR metamaterial
absorber with various LC layer thicknesses is shown. There is a double resonance at 1.3
THz with a - 6 dB bandwidth of around 0.14 THz (1.24 THz ~ 2.38 THz) and at 1.4 THz
with a -4 dB bandwidth of around 0.1 THz (1.34 THz ~ 1.44 THz), an decrease of about
66%. The difference can be attributed to the cause of having different effective permittivity
values alternating the quality factor of the eSRR metamaterial resonance.
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Reflection LC thickness dependance
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Figure 5. 3: Reflection plots of terahertz SRR metamaterial structure respect to different
LC thicknesses
Furthermore, finite element method was utilized with periodic conditions for all
side boundaries and two ports were applied for the front and back boundaries. Total number
of mesh elements that were used in simulation is equal to 15503. The structure is
illuminated by a continuous THz wave at a normal incident angle with polarization along
the gap of SRR. Comsol Multiphysics frequency domain solver was utilized where the Au
portions of the metamaterial absorber were modeled as lossy gold with a frequencyindependent conductivity σ=4.09e107 S/cm. The 8-µm-thick polyimide layer was modeled
using the experimentally measured value of polyimide with a specific relative permittivity
of 𝜀̃=𝜀1 + 𝑖𝜀2 =2.88-i0.09 [140]. The impedance of the effective medium can be defined as
µ µ

Z=√ 𝜀𝑟𝜀 0
𝑟 0

(5.1)

where ε0 and µ0 are the free space permittivity and permeability, respectively. The whole
mechanism built around the control of the liquid crystal orientation. As it is mentioned in
the previous sections, the LC is an anisotropic material. Therefore, a uniaxial anisotropic
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model was utilized for LC mixture of BL037 where an ordinary refractive index (in x
direction) of no(𝑛) = 1.58 and extraordinary refractive index (in y direction) of ne(𝑛ǁ) =
1.78 and birefringence or optical anisotropy (∆n) for a material is defined by
∆n = 𝑛ǁ - 𝑛

(5.2)

Thus, it has a briefringence of ∆n=0.2. Some researchers reported LC mixture with ∆n =
0.28 as a noticeable change [141]. The effective refractive index 𝑛𝑒𝑓𝑓 of extraordinary
wave in LC mixture cell in Figure 5.4 will vary between these two principal values of the
refractive indices according to this formula:
𝑛2 𝑛2

o e
𝑛𝑒𝑓𝑓 = √𝑛2 cos2 𝜃+𝑛
2 sin2 𝜃
o

e

(5.3)

where 𝜃 is the angle between director axis ( ̂𝑛) and the wave vector(𝑘̂).

Figure 5. 4: LC molecular orientation under applied electric field.
In the simulations, the permittivity tensor is calculated as;
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𝑛ₒ² 0
0
ε = ( 0 𝑛𝑒 ² 0 )
0
0 𝑛ₒ²

(5.4)

where no=1.58 and ne=1.78 with the average director oriented in the y-axis (parallel to the
plates) [142]. To characterize the SRR metamaterial absorber, THz time domain
spectroscope in reflection mode is used such that the absorption was obtained by A = 1 –
R since the transmitted intensity was zero due to the metal ground plane.
Figures 5.5 (a) and (b) are pictures of the assembled eSRR metamaterial THz
absorber unit cell structures. Figure 5.5 (a) show the design that consists of two metallic
layers with a dielectric spacing layer (polyimide) in between while there is an additional
liquid crystal layer on top of electric split ring resonator as seen in Figure 5.5 (b). Figure
5.5 (c) compares the absorption spectrums of terahertz metamaterial with or without liquid
crystals where molecular polarizabilities αe = 4.6 [cm-1] and αo = 14.2 [cm-1] were
considered for the loss of LC in THz spectrum [141]. Besides, it is safe to say that the
power caused by incident light on the structure will remain somewhere in the unit cell
according to conservation of energy. Thus, the energy is distributed mainly in the dielectric
spacing layer, LC layer and the eSRR. It is possible that a small amount will be converted
to heat. In Figure 5.5 (d) input port reflections S11 of assembled eSRR metamaterial THz
absorber unit cell structures are shown. As a rule of thumb; an absorber
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Figure 5. 5: Comparison of absorbance and reflection between eSRR+polyimide MMA
(blue) and LC+eSRR+ polyimide MMA (orange).
with -12 dB reflectivity allows the target to get twice as close to the radar before being
detected, compared to an object with 0 dB reflectivity [143]. It is clear that the metamaterial
absorber structure with LC is more reflective than the one without liquid crystals.
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As shown in Figure 5.5, simulation results of SRR metamaterial absorber without
LC is in accord with prior work [144]. The absorption and reflection spectrums are depicted
in Figure 5.6 and 5.7 where the LC layers are 5µm and 100 µm thick, and rotational angles
𝜋

of θ and φ vary from 0 to 2 . The LC molecules in terahertz metamaterial structure is
simulated from a parallel/vertical orientation (in Figure 5.4 (a)) to a perpendicular
orientation with respect to the electrodes (in Figure 5.4 (c)). This results in a change of the
effective refractive index for the extraordinary wave. In other words, the refractive index
of THz electric field components will decrease from ∼1.7 to ∼1.5 along the vertical (y)
direction, however, will remain constant along the horizontal (x) direction, and will
increase from ∼1.5 to ∼1.7 along the longitudinal (z) direction [141, 145].
Figure 5.6 displays simulation results for the absorption and reflection spectrums
of the eSRR THz metamaterial device for various liquid crystal molecule orientations. As
shown in Figure 5.6, while a full width half max (FWHM) bandwidth and peak of
absorption preserve at 1.3 THz and ∼90%, the resonance frequency is shifted from ∼1.3
THz to ∼1.4 THz for SRR metamaterials absorber with 5µm LC layer by arranging the
liquid crystal molecular orientation. The result in Figure 5.6 can be summarized as by
changing the LC’s director angle from 0o to 60o, the resonance frequency drops while φ
increases. From 60o to 90o, the resonance frequency remains unchanged for MMA with
5µm liquid crystal slab.
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Figure 5. 6: The left column lists the angles of φ as addressed it in this dissertation. The
second and third columns show the absorption and reflection of 5µm thick LC with THz
eSRR metamaterial absorber
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Figure 5.7 illustrates the frequency locations of the absorption and reflection for
electric split ring resonator THz MMA with 100µm LC layer as a function of for
modulation frequencies from 0.9 THz to 2.3 THz. The resonant frequency is reached at
∼1.3 THz where there is also a tuning around 100 GHz in resonance frequency by changing
LC molecular orientation as displayed in Figure 5.7. The general trend is that as the
frequency is increased, the THz eSRR metamaterial absorption shifts to lower frequencies.
Figure 5.8 shows a resonance frequency shift (Δν) versus LC’s molecular
orientation angle of φ. As observed from Figure 5.6 and Figure 5.7, while peak of
absorptions of 5µm and 100 µm preserve at ∼90% and ∼80% respectively, the resonance
frequencies for 5µm and 100 µm are shifted from ∼1.3 THz to ∼1.4 THz by changing the
LC’s molecular orientation. The curve in Figure 5.8 is indeed representative of a typical
LC modulation where the modulation is saturated around φ= 90 o. Comparing graphs SRR
metamaterial absorber with 5µm and 100 µm LC layers in Figure 5.8, it shows that the
simulated resonance frequency versus φ follow a very similar trend. The result in Figure
5.8 can be summarized as by changing the LC’s director angle from 0o to 60o, the resonance
frequency drops while φ increases. From 60o to 90o, the resonance frequency remains
unchanged for MMA with 5µm liquid crystal slab while there is a slight change for
metamaterial absorber with 100µm LC layer. The resonance frequency stops shifting as φ
gets equal to 90o indicating that all LC molecules are perpendicularly oriented relative to
SRR and backplane. The presence of the ground plane assures negligible transmission.
Changes to the SRR dimensions and spacer thickness allow for specification of effective
resonant permittivity and permeability providing impedance matching that, with the
transmission minimized, results in a large absorption [134, 143].
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Figure 5. 7: The left column lists the angles of φ as addressed it in this dissertation. The
second and third columns show the absorption and reflection of 100µm thick LC with
THz eSRR metamaterial absorber.
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Figure 5. 8: Shift in resonant frequencies versus LC’s molecular orientation angle of phi
(φ) obtained by simulation.
To gain a better understanding of this device the simulated THz electric field
distribution is analyzed in this structure at the maximum of the absorption, i.e. 1.3 THz and
1.4 THz. The effective permittivity arises from the eSRRs fundamental resonance mode
(the LC mode) that is due to eSRRs self-inductance and gap capacitance. When the electric
field of incident THz radiation is polarized perpendicular to the eSRRs capacitive gap, the
radiation will electrically couple to the eSRRs and excite the LC resonant mode giving rise
to the effective permittivity. Simulation results show this coupling clearly as circulating
currents around the eSRR loops in Figures 5.9 (a), (b) and Figure 5.10 (a), (b). These
figures also show that the surface current distributions and magnitude of the THz electric
field as shown in Figure 5.9 (c), (d) and Figure 5.10 (c), (d). The magnetic field can couple
to the device through the cavity formed between eSRRs and the ground plane, resulting in
an effective permeability. Simulations show this coupling in opposing currents on eSRR
and the ground plane seen in Figure 5.9 (c), (d) and Figure 5.10 (c),(d). The magnetic
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response depends mainly on the cavity length, or polyimide thickness since symmetric
eSRR only responds to the electric field. It is uncovered that the surface current
distributions is similar to that found in prior investigations and, as expected, the THz
electric field is primarily localized underneath the eSRR [139, 144].

Figure 5. 9: (a), (b) Comparison of simulated ground plane surface current densities for
THz eSRR metamaterial absorber with 5µm LC layer at the fundamental LC resonances
of 1.3 THz and 1.4THz, (c), (d) demonstration of simulated surface current distributions
on the eSRR with 5µm LC layer at the fundamental LC resonances of 1.3 THz and
1.4THz.
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Figure 5. 10: (a), (b) Comparison of simulated ground plane surface current densities for
THz eSRR metamaterial absorber with 100µm LC layer at the fundamental LC
resonances of 1.3 THz and 1.4THz, (c), (d) demonstration of simulated surface current
distributions on the eSRR with 100µm LC layer at the fundamental LC resonances of 1.3
THz and 1.4THz
It is also instructive to examine the power loss density and power flow maps
exhibited by our device at the maximum of the absorption, i.e. 1.3 THz and 1.4 THz. As
discussed in this dissertation, the thickness of the polyimide may affect the resonance
frequency of the eSRR due to fringing electric fields. Therefore, optimization is needed to
achieve desired effective resonant permittivity and permeability. By equalizing the
permittivity and permeability it is possible to match the effective impedance of the device
to the free space impedance. This approach can be generalized for any dielectric medium
other than free space.
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In Figures 5.11 (a-b) and 5.12 (a-b) the power loss densities of eSRR metamaterial
absorber with 5 µm and 100 µm LC layers at both resonance frequencies (1.3 THz and 1.4
THz) are presented. At both the frequencies the unit cell shows sufficiently high power
absorption. This result supports our claim that the component can be effectively used as an
absorber under practical circumstances. The optimized device traps the incoming waves
inside the capacitive gaps and most of the dissipation occurs in the polyimide patch and
the dielectric spacer. As shown in Figure 5.11 (c-d) and 5.12 (c-d);

Figure 5. 11: (a), (b) Simulated power loss density for eSRR THz metamaterial absorber
with 5µm LC layer at 1.3 THz and 1.4 THz respectively, and (c), (d) power flow maps of
for eSRR THz metamaterial absorber with 5µm LC layer at the maximum absorption
frequencies of 1.3 THz and 1.4 THz respectively. The color gradient from blue to red
represents low value to high value at each map.
the electric response of the eSRR in the LC mode strongly depends on the gap capacitance.
By perturbing the capacitance, it is possible to change this response significantly. By
introducing photo-conductive silicon into the capacitive gaps, the conductivity of the gaps
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can be altered via photoexcitation. This, in turn, perturbs the matched impedance, and
increases the reflection giving rise to absorption modulation.

Figure 5. 12: (a), (b) Simulated power loss density for THz eSRR metamaterial absorber
with 100 µm LC layer at 1.3 THz and 1.4 THz respectively, and (c), (d) power flow maps
of for THz eSRR metamaterial absorber with 100 µm LC layer at the maximum
absorption frequencies of 1.3 THz and 1.4 THz respectively. The color gradient from
blue to red represents low value to high value at each map.
The form of the metamaterial absorptive feature strongly depends on the value of
the complex dielectric constant that the local terahertz electric field experiences. In
particular the resonant frequency is set by the real part of the dielectric function, whereas
the width of the absorption is determined by dielectric loss [144, 146]. Thus, future designs
can achieve greater frequency tuning of the absorption peak by altering the geometry such
that the LC lies directly underneath the eSRR which is also studied in this work, where the
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applied bias is greatest as shown in Figure 2.12. An alternative approach would be
utilization of LC polymers [147], which could then act both as a supporting structure, and
bias tunable dielectric.
In conclusion, all-electronic control of liquid crystal metamaterial absorbers have
been demonstrated. A 100 GHz amplitude tuning of the absorption is achieved and a
frequency tunability from 1.3 to 1.4 THz is realized. The scalability of both liquid crystal
properties and metamaterial absorbers suggests our design can be extended to both higher
and lower frequencies. The prospect of electronically controlled metamaterial absorbers
have implications in numerous scientific and technological areas rich in applications,
particularly in sensing, imaging, energy harvesting and dynamic scene projectors.

5.2 Materials for LC cell
The process of making LC cell is an essential part of making any tunable device
using LC. Thus, learning how to make these LC cells is very important. First, the materials
that are needed to be prepared before the assembling part of the process started. The
materials needed are as follows:
1) Top electrode (deposited on either quartz or Teflon substrate).
2) Bottom electrode (deposited on either quartz or Teflon substrate).
3) E7 (liquid crystal material commercially available from EM Industries,
Hawthorne N.Y.)
4) Polyvinyl Alcohol (4% PVA).
5) Polyimide, plastic, or Teflon wrap (used as spacers) different thicknesses as
needed.
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6) Binder clamps or any other kind of holders to hold the final LC cell structure
as shown in Figure 5.13
7) DI water.
8) Rubbing cloth fixed on metal heavy weight as shown in Figure 5.13 [126].

Rubbing cloth

Holders
Spacer

E7 LC

Top and
bottom
electrodes

Rubbing
direction

Figure 5. 13: Some of the needed materials to make LC cell [126].

5.3 LC cell surface preparation
To prepare the surfaces of the top and bottom electrodes, 4 % PVA concentration
by weight has to be prepared by dissolving 4 grams of PVA powder in 100 mL of DI water.
This mixture is heated and stirred to improve solubility produce the 4% PVA solution. The
process of making a homogeneously aligned LC cell starts with clean, dry top and bottom
electrodes on substrates. Then the inner (the two surfaces which will face each other)
surfaces of the top and the bottom electrodes will be coated with the 4% PVA using the
spinner machine shown in Figure 5.20 (spin 300 rpm for 15 seconds then spin 2500 rpm
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for 60 seconds. A soft baked at 90 ͦ C for 15 minutes follows to remove the water from the
surface [126].
Using a marker to illustrate the rubbing direction on both top and bottom surfaces
depending on the desirable LC cell to be made. This step is performed to induce a pre-tilt
angle to the molecules near to the surface of the cell. Pre-tilt angle is very important to
determine the molecular orientation and speed up the switching process when the electric
field applied. In this case the rubbing directions are in opposite directions as the desired
LC cell is homogeneously aligned twisted nematic LC cell as explained in chapter 2.
Rubbing is performed by using a special cloth repeatedly about 14-20 times in one direction
(arrow direction) as shown in Figure 5.13. This process will produce surface force that
aligns the near molecules in parallel direction to the surface [126].

Electrodes

4% PVA

Figure 5. 14: Electrodes are mounted on the spinner machine to coat them with 4% PVA
[126].
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5.4 LC cell assembling (Fabrication) process
After the two surfaces of the LC cell top and bottom sides prepared, the LC is added
in between. E7 LC is dispensed using plastic transfer pipette in the center of the bottom
electrode structure which is put on the bottom part of the holder as shown in Figure 5. 15.
The copper tape is attached outside connectors are added to both electrodes to be used later
for the measurments and when applying voltage on LC cell to reorient the molecules.
Finally, the top substrate with electrode is placed on the top of the bottom side that has the
LC material in a way that the arrows representing the rubbing directions are in opposite
directions. The rubbing direction will ensure how the molecular close to the surface will
be tilted for faster molecular orientation when the electric field is applied. Then the top part
of the holder is placed on the top and fixed by the two screws as in Figure 5.16 [126].

Figure 5. 15: Assembling process when adding LC material on the top of the
bottom electrode to make LC cell [126].

113

Figure 5. 16: Final assembled LC cell [126].
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CHAPTER SIX
OPTICALLY MODULATED TERAHERTZ METAMATERIAL
ABSORBERS WITH ANISOTROPIC DIELECTRIC LIQUID
CRYSTAL ETALON

Optically tunable devices have generated great interest in engineering, applied
physics, and technology and have found applications novel devices operating in broad
range of frequency regions in order to filter, modulate and switch the electromagnetic
signal. Metamaterials can be employed in wide frequency ranges of microwave to optical
spectrum by tuning the geometry of the conducting periodic structure or the substrate
permittivity and permeability as discussed in Chapter 4. It can be used for high gain and
directional microwave devices, optical invisibility cloaks [29], imaging, super lenses [30],
sensing and novel antennas [87]. The devices based on Fabry-Perot principle have been
used in the past such as portable and large screen direct view applications. However,
difficulty in achieving high finesse, noticeable loss and narrow bandwidth associated with
etalons limit their widespread usage. Employing a liquid crystal material as a cavity
medium in a Fabry-Perot etalon has many benefits such as low voltage, low insertion loss,
and increasing the tunability. In this chapter, the focus will be on eSRR metamaterial
absorbers as a potential device for controlling THz beams.
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6.1 Tunable Terahertz Metamaterial Absorber with Anisotropic
Dielectric Liquid Crystal Etalon
Metamaterial absorbers typically consist of two metallic layers spaced apart by
virtue of a dielectric spacer. The top metal layer is geometrically patterned in order to
strongly couple to a uniform incident electric field. By pairing the top layer with a metal
ground plane, a mechanism for coupling to the magnetic component of light is created.
Modifying the metamaterial absorber unit cell structure with a tunable liquid crystal Fabry
Perot layer has advantages such as fast response time, high resolution, wide spectral and
tunable range, solid state (no moving parts) thus making impedance matching and strong
absorption possible at nearly any desired frequency. The schematic image of the designed
device along with its front projection are shown in Figure 6.1 and Figure 6.2 (a) and (b)
with a single eSRR design having the dimensions as labeled, and (c) the red arrows indicate
the surface current density, and the color represents the electric field norm. Thereafter, a
schematic demonstration of initial alignments of LC molecules between two electrodes is
illustrated in Figure 6.3 (a) where the applied electric field is equal to zero. By increasing
the applied electric field, LC molecules will be eventually oriented in a direction normal to
the surface of the electrodes as shown in Figure 6.3 (b). Therefore, the incident THz field
inside the spacer will experience different refractive indices of LC dependent upon the
applied electric field and hence a change in absorber response is expected to be observed.
In electromagnetic simulations, these extremely thin polyimide and transparent electrode
layers are neglected.
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Figure 6. 1: (a) Schematic demonstration of LC OE5 design metamaterial absorber where
the incident polarization is normal to absorber and polarization is along the gap of SRR,
(b) SRR structure parameters, (c) Electric field norm and surface current density of SRR.

Figure 6. 2: (a) Schematic demonstration of LC OE2 design metamaterial absorber where
the incident polarization is normal to absorber and polarization is along the gap of SRR,
(b) SRR structure parameters, (c) Electric field norm and surface current density of SRR.
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Figure 6. 3: (a) and (b) side view of the proposed fabrication structure where the applied
electric field is zero and LC molecules are initial alignment, and when the electric field is
bigger than zero resulting in orientation of LC molecules normal to the surface of SRR
and backplane.
The liquid crystal layer is located on top of polyimide slab and completely fills in
the gap of polyimide and split ring resonator metamaterials structure. ESRRs MMA unit
cell are built to have 200 nm Au on 8 µm polyimide substrate, and 200 nm Au backplane.
To design the structure two parameters were optimized. Firstly, the structure of eSRR in
order to maintain a resonance frequency at targeted terahertz spectrum and also support
various modulation frequencies between eSRR and LC layer which is essential for
orienting LC molecules. An analysis for terahertz eSRR metamaterial optimization is
presented in Chapter 4. Secondly, the thickness of LC film is another factor that is crucial
to obtain almost perfect absorption at the targeted THz frequency.
Figure 6.4 shows a comparison between the LC layer thicknesses of 8 µm, 12 µm,
20 µm and 22 µm. A strong absorption band is clearly observed at 1.9 THz with a
bandwidth of ~0.15 GHz. A maximum absorptivity of 98.5% at 1.9 THz and a minimum
absorptivity of 56.1% at 2 THz are found. At different thicknesses, the absorption peaks
remain centered at 1.9 THz and 2 THz. The low absorption values of 56.1% is a result of
the lack of efficient excitation of both electric and magnetic resonances in eSRR
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metamaterial absorber with 8 µm LC layer. Besides, the loss in the metal, LC layer and
substrate structure contribute to weaken the absorption. After my investigations, I found
that the LC thickness of 22 µm gives us the best tuning mechanism for this specific OE2
SRR terahertz metamaterial absorber design.
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Figure 6. 4: Absorption plots of terahertz OE2 design SRR metamaterial structure
respect to different LC thicknesses.
In Figure 6.5, the simulated input port reflection S11 of the eSRR metamaterial
absorber with various LC layer thicknesses is shown. For the eSRR metamaterial absorber
with 22 µm alone, it has a single resonance at 1.9 THz with a - 2 dB bandwidth of around
0.19 THz (1.8 THz ~ 1.99 THz). However, with the 8 µm LC layer eSRR metamaterial
absorber the -2 dB S11 is increased to 0.3 THz (1.8 THz ~ 2.1 THz), an increase of about
63%. The difference can be attributed to two causes, the first is having different effective
permittivity values alternating the quality factor of the eSRR metamaterial resonance.
Secondly, the near-field coupling between the eSRR and LC layer is tuned such that
different resonances can be observed at 1.9 THz and 2 THz. These resonances pull the S11
below -2 dB over a much broader bandwidth.
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Figure 6. 5: Reflection plots of terahertz OE2 design SRR metamaterial structure respect
to different LC thicknesses
Furthermore, finite element method was utilized with periodic conditions for all
side boundaries and two ports were applied for the front and back boundaries. Total number
of mesh elements that were used in simulation is equal to 20129. The structure is
illuminated by a continuous THz wave at a normal incident angle with polarization along
the gap of SRR. Comsol Multiphysics frequency domain solver was utilized where the Au
portions of the metamaterial absorber were modeled as lossy gold with a frequencyindependent conductivity σ=4.09e107 S/cm. The 8-µm-thick polyimide layer was modeled
using the experimentally measured value of polyimide with a specific relative permittivity
of 𝜀̃=𝜀1 + 𝑖𝜀2 =2.88-i0.09 [140]. The impedance of the effective medium can be defined as
µ µ

Z=√ 𝜀𝑟𝜀 0
𝑟 0

(6.1)

where ε0 and µ0 are the free space permittivity and permeability, respectively. The whole
mechanism built around the control of the liquid crystal orientation. As it is mentioned in
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the previous sections, the LC is an anisotropic material. Therefore, a uniaxial anisotropic
model was utilized for LC mixture of BL037 where an ordinary refractive index (in x
direction) of no(𝑛) = 1.58 and extraordinary refractive index (in y direction) of ne(𝑛ǁ) =
1.78 and birefringence or optical anisotropy (∆n) for a material is defined by
∆n = 𝑛ǁ - 𝑛

(6.2)

Thus, it has a briefringence of ∆n=0.2. Some researchers reported LC mixture with ∆n =
0.28 as a noticeable change [141]. The effective refractive index 𝑛𝑒𝑓𝑓 of extraordinary
wave in LC mixture cell in Figure 6.6 will vary between these two principal values of the
refractive indices according to this formula:
𝑛2 𝑛2

o e
𝑛𝑒𝑓𝑓 = √𝑛2 cos2 𝜃+𝑛
2 sin2 𝜃
o

e

(6.3)

where 𝜃 is the angle between director axis ( ̂𝑛) and the wave vector(𝑘̂).

Figure 6. 6: LC molecular orientation under applied electric field.
In the simulations, the permittivity tensor is calculated as;
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𝑛ₒ² 0
0
ε = ( 0 𝑛𝑒 ² 0 )
0
0 𝑛ₒ²

(6.4)

where no=1.58 and ne=1.78 with the average director oriented in the y-axis (parallel to the
plates) [142]. To characterize the SRR metamaterial absorber, THz time domain
spectroscope in reflection mode is used such that the absorption was obtained by A = 1 –
R since the transmitted intensity was zero due to the metal ground plane.
In Figure 6.7, results from the computational investigation for the absorption and
reflection spectrums of the eSRR THz metamaterial device for various liquid crystal
molecule orientations are presented. It shows that the resonance frequency is tuned by
about 50 GHz at 1.9 THz through various modulation frequencies. As shown in Figure 6.5,
while a full width half max (FWHM) bandwidth and peak of absorption preserve at 1.9
THz and ∼94%, the resonance frequency is shifted from 1.85 THz to 1.9 THz for OE2
SRR metamaterials absorber with LC etalon by arranging the liquid crystal molecular
orientation. The general trend is that as the LC’s director angle is changed from 0o to 90o,
the metamaterial absorption/reflection shifts to lower frequencies while φ increases for
OE2 SRR terahertz MMA with LC slab.
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Figure 6. 7: The first column lists the angles of φ as addressed it in this dissertation. The
second column shows the absorption of LC with THz OE2 SRR metamaterial absorber.
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Figure 6.8 illustrates the frequency locations of the absorption for OE5 split ring
resonator THz MMA with LC etalon layer as a function of modulation frequencies from
1.2 THz to 1.6 THz for various liquid crystal molecule orientations. The resonant frequency
is reached at ∼1.36 THz where there is a tuning around 20 GHz in resonance frequency by
changing LC molecular orientation as displayed in Figure 6.8. The peak of absorption at
1.36 THz with 99.1% is also shifted to 98.7% at 1.38 THz. The result in Figure 6.8 can be
summarized as by changing the LC’s director angle from 0o to 90o, the resonance frequency
increases slightly while φ increases.
Figure 6.9 shows a resonance frequency shift (Δν) versus LC’s molecular
orientation angle of φ. As observed from Figure 6.7 and Figure 6.8, while the peak of
absorption of OE2 and OE5 SRR THz metamaterial absorber with liquid crystal etalon
preserve at ∼93% and ∼96% respectively, the resonance frequencies are shifted from ∼1.9
THz to ∼1.85 and 1.36 THz to 1.38 THz by changing the LC’s molecular orientation.
Comparing graphs eSRR metamaterial absorber regarding LC orientations, it shows that
the simulated resonance frequency versus φ tend to shift constantly in the frequency range
of 1.6 THz to 2.1 THz for metamaterial absorber with OE2 design. However, the result for
OE5 THz metamaterial absorber can be summarized as the LC molecular modulation start
at saturated position for OE5 design around φ= 0o and by changing the LC’s director angle
from 0o to 90o, the resonance frequency slightly increases while φ increases. The presence
of the ground plane assures negligible transmission. Changes to the eSRR dimensions and
spacer thickness allow for specification of effective resonant permittivity and permeability
providing impedance matching that, with the transmission minimized, results in a large
absorption [134, 143].
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Figure 6. 8: The first column lists the angles of φ as addressed it in this dissertation. The
second column shows the absorption of LC with THz OE5 SRR metamaterial absorber.
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Figure 6. 9: Shift in resonant frequencies versus LC’s molecular orientation angle of Phi
(φ) obtained by simulation.
To get insight into the underlying mechanism in the LC etalon-infiltrated eSRR
metamaterial absorber the simulated THz electric field distribution is analyzed in this
structure at the maximum of the absorption, i.e. 1.9 THz and 1.36 THz. The effective
permittivity arises from the eSRRs fundamental resonance mode (the LC mode) that is due
to eSRRs self-inductance and gap capacitance. When the electric field of incident THz
radiation is polarized perpendicular to the eSRRs capacitive gap, the radiation will
electrically couple to the eSRRs and excite the LC resonant mode giving rise to the
effective permittivity. Simulation results show this coupling clearly as circulating currents
around the OE2 and OE5 SRR loops in Figure 6.10. The OE5 design has more locations
that resonance occurs. Thus, the arrows representing surface currents are distributed in a
wider surface area in OE5 design causing the current distribution more visible in OE2
design at resonant frequencies. The surface current distributions and magnitude of the THz
electric field are analyzed in order to explain the metamaterial-like characteristics of the
proposed component as shown in Figure 6.10. An anti-parallel current distribution and a
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loop current distribution are associated with a strong electromagnetic absorption. The
magnetic field can couple to the device through the cavity formed between eSRRs and the
ground plane, resulting in an effective permeability. Simulations show this coupling in
opposing currents on eSRR as seen in Figure 6.10. The magnetic response depends mainly
on the cavity length, or polyimide thickness since symmetric eSRR only responds to the
electric field. It is uncovered that the surface current distributions is similar to that found
in prior investigations [139, 144].

Figure 6. 10: Demonstration of simulated surface current distributions on the OE2 and
OE5 SRR metamaterial unit cell absorbers at the resonance frequencies.
It is also instructive to examine the power loss density and power flow maps
exhibited by our device at the maximum of the absorption, i.e. 1.9 THz and 1.36 THz. As
discussed in this dissertation, the thickness of the polyimide may affect the resonance
frequency of the eSRR due to fringing electric fields. Therefore, optimization is needed to
achieve desired effective resonant permittivity and permeability. By equalizing the
permittivity and permeability it is possible to match the effective impedance of the device
to the free space impedance. This approach can be generalized for any dielectric medium
other than free space. In Figure 6.11 (a) and (b) the power loss densities of OE2 and OE5
SRR metamaterial absorber with LC etalon layer at the resonance frequencies 1.9 THz and
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1.36 THz are presented. At both the frequencies the unit cell shows sufficiently high power
absorption. This result supports our claim that the component can be effectively used as an
absorber under practical circumstances. The optimized device traps the incoming waves
inside the capacitive gaps and most of the dissipation occurs in the polyimide patch and
the dielectric spacer. As shown in Figure 6.11 (c-d);

Figure 6.8: (a) and (b) Simulated power loss density for OE2 and OE5 SRR THz
metamaterial absorbers with LC etalon at the resonant frequency of 1.9 THz and 1.36
THz respectively, (c) and (d) power flow maps of OE2 and OE5 SRR THz metamaterial
absorbers with LC etalon at the resonant frequency of 1.9 THz and 1.36 THz.
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CHAPTER SEVEN
CONCLUSION AND FUTURE WORK

Metamaterials are in the process of changing the landscape for discovery and
innovation within a wide scape of applications across the electromagnetic spectrum.
Metamaterial, a promising concept to engineer the EM propagation, has attracted interest,
especially in THz frequency regimes. Actively altering the response of metamaterials can
enable the significant devices that will build bridges over so-called “THz Gap”. The work
that is presented here hopes to illuminate several different paths in which this field can be
applied and contribute to the development of terahertz (THz) technology. Creating
materials and integrating them into actual devices, including metamaterial absorbers
(MMAs) and detector arrays, are areas where exciting results can be obtained. Nonetheless,
the potential of liquid crystals as reconfigurable/tunable materials arises from their ability
for continuous tuning with lower power consumption, transparency and possible
integration with printed and flexible circuit technologies. In the past, various frequency
tunable liquid crystal devices have been designed and investigated operating at high
microwave or millimeter wave frequencies, however less attention has been given to
metamaterial unit cell with spatially varying liquid crystal systems in THz region.
Several different paths have been utilized to achieve dynamic control of several
types of THz metamaterials as shown in Figure 7.1. The proposed structure is designed to
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have alternative layers of substrate and LC films. These unit cells have THz electrodes on
both sides of the LC films to apply voltage and rotate the molecules of the LC material.
Depending on the application and the electrode position in the system, some of these
electrodes have to be transparent and either polarizes or polarization independent for THz
waves. Transparent and polarization independent type of electrodes, which are used in
many applications like spatial light modulators (SLMs) and liquid crystal displays (LCDs),
are employed in this work. Multilayer gold grids THz Y-shape tunable metamaterial unit
cells have been designed using spatially varied liquid crystal layers. Furthermore, different
eSRR metamaterial structures have been analyzed and optimized. Then electronic tunable
metamaterial absorbers (MMAs) have been produced with direct THz modulation up to
100 GHz using liquid crystal layers. The electric split ring resonator (SRR) is initially
planned through analytical electromagnetic theory and investigated. Furthermore, the
resonator unit cells are modelled using a COMSOL Multiphysics full-wave
electromagnetic simulation software. The final optimized model can be fabricated using
standard electronic manufacturing methods as proposed in this dissertation.
The tuning can be improved by using higher dielectric anisotropy liquid crystal
mixtures (if developed in the future) and lower loss. Furthermore, switching time
improvement can also be expected by reducing the cell thickness and producing finer
grooves on the polyimide layer. Another improvement is to determine the direction of the
electrical field lines in every region between the electrodes or on different resonant sections
of eSRR metamaterial designs so the rubbing direction can be adjusted accordingly for
higher tunability.
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Figure 7.3: THz eSRR Metamaterial Structures used in this work.
In addition to the presented work, our research aims to enhance the metamaterial
structures in invisibility cloaks as well as tunable antennas. The cloak can be formed in a
medium made of inhomogeneous anisotropic elements such as anisotropic permittivity and
permeability. The cloak structure can also be made with periodical sub-wavelength
metallic split-ring resonators. We also like to branch out our research to invisibility cloaks.
Therefore, we have been working on cylindrical cloaking models in order to determine the

131

Figure 7.4: Electric Field Norm of eSRR metamaterial designs.
feasibility of the cylindrical cloaks. We achieved to reproduce the results of old cylindrical
cloak researches. Figure 7.3 displays a COMSOL simulation that shows the possibility of
a cylindrical invisibility cloak. Although the inner cylinder made of a perfect conductor,
scattering of electromagnetic waves from copper surface are reduced by using cylindrical
cloak wrapped around the copper cylinder. In the related study, to avoid the complexity of
transformation optics, researchers suggested a multilayer structure [148]. The results are
accomplished with layered structure of homogeneous isotropic materials instead of a nonmagnetic cloak with anisotropic distribution of the permittivity. We have simulated
optimized cylindrical invisibility cloak with minimum layers of non-magnetic isotropic
materials. In the long term, we also like to do some changes of the structure by adding other
materials (copper, aluminum, teflon, etc.), using different metamaterials designs, and
changing the size of the unit cells. By optimizing the LC alignment to enhance the tuning
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Figure 7. 15: Copper cylinder electric field (a) with and (b) without cloak
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properties of metamaterials, significant advances will be possible in agile system for
chemical and biological sensor, antenna designs, cloaking and optical processing.
However, we have limitations due to complicated designs, losses and efficiency of some
of our metamaterial designs. Although metamaterials have exciting features, we can design
and tune metamaterials only on specific wavelengths. Also, if the wavelength that is used
is very small, it becomes very difficult to fabricate metamaterials in reality.
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